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INTRODUCTION

a ) H i s t o r i c a l

Prom o b s e r v a t i o n s  made on c a l c i t e  c r y s t a l s  Hauy (1784) r e ­

c o g n i s e d  t h a t  t h e  r e g u l a r i t y  o f  c r y s t a l l i n e  form was due to  an  

u n d e r l y i n g  r e g u l a r  s t r u c t u r e .  The s c i e n c e  o f  c l a s s i c a l  c r y s t a l ­

l o g r a p h y  t h u s  d e v e l o p e d ,  i n v o l v i n g  i n  i t s  c h e m ic a l  a s p e c t s  t h e  

c o r r e l a t i o n  o f  c r y s t a l  h a b i t  w i t h  c h e m ic a l  c o n s t i t u t i o n  and  i n  

i t s  g e o m e t r i c a l  a s p e c t s  a  s tu d y  o f  t h e  symmetry c o m b i n a t i o n s

p o s s i b l e  f o r  s p a c e  l a t t i c e s .  In  t h e  f i e l d  o f  c h e m ic a l  c r y s t a l -
1 .

l o g r a p h y  G r o t h ’ s t r e a t i s e  su m m ar i se s  an d  t a b u l a t e s  t h e  d a t a  

a v a i l a b l e  up t o  1 9 0 5 .  The g e o m e t r i c a l  p ro b le m s  w e re  f i r s t  i n ­

v e s t i g a t e d  b y  F ra n k en h e im  and  B r a v a i s ,  The 230 s p a c e  g ro u p s  

d e n o t i n g  t h e  number o f  ways  i n  w h ic h  a s y m m e t r i c  u n i t s  c o u ld  b e  

a r r a n g e d  i n  s p a c e  w ere  - f i n a l l y  f o r m u l a t e d  i n d e p e n d e n t l y  by

F e d e r o v  ( 1 8 9 0 ) ,  S c h o e n f l i e s  (1891) an d  B ar low  ( 1 8 9 4 ) .
2.

With Larne’ s d i s c o v e r y  o f  X - r a y  d i f f r a c t i o n  i n  1912 d i r e c t  

e v i d e n c e  was o b t a i n e d  o f  t h e  wave n a t u r e  o f  X - r a y s .  I t  was 

q u i c k l y  r e c o g n i s e d  t h a t  a  m ethod  was now a v a i l a b l e  f o r  t h e  i n t e r ­

p r e t a t i o n  o f  c r y s t a l  s t r u c t u r e  i n  t e r m s  o f  a to m ic  an d  m o l e c u l a r
3.

d i m e n s i o n s  and  i n  1913 W.L. B r a g g  p u b l i s h e d  h i s  r e s u l t s  on t h e
4

a n a l y s i s  o f  sod ium  c h l o r i d e  a n d  p o t a s s i u m  c h l o r i d e .  W,H. B r a g g ’ s 

d e v e lo p m e n t  o f  t h e  i o n i s a t i o n  s p e c t r o m e t e r  p r o v i d e d  a  u s e f u l  

e x p e r i m e n t a l  m e thod ,  w h ic h  was employed i n  m o s t  o f  t h e  e a r l y  s t r u c  

t u r a l  i n v e s t i g a t i o n s .
5.

I n  1915 W.H. B ra g g  d e v e l o p e d  t h e  i d e a  o f  t h e  a p p l i c a t i o n  o f



F o u r i e r  s e r i e s  t o  t h e  p r o b le m s  o f  X - r a y  a n a l y s i s .  He em phas ized  

t h a t  t h e  c o e f f i c i e n t s  o f  t h e  F o u r i e r  s e r i e s  w hich  r e p r e s e n t s  t h e  

p e r i o d i c  v a r i a t i o n  o f  d e n s i t y  i n  t h e  medium s h o u ld  h e  p r o p o r ­

t i o n a l  to  t h e  i n t e n s i t i e s  o f  t h e  c o r r e s p o n d i n g  X - r a y  r e f l e c t i o n s .
6 .

P r i o r  t o  t h i s  i n  1914 D arwin  h a d  g i v e n  a  c o m p le te  t h e o r e t i c a l

t r e a t m e n t  o f  t h e  i n t e n s i t y  o f  t h e  X - r a y  r e f l e c t i o n  i n  which  t h e

f o r m u l a e  f o r  t h e  i n t e n s i t y  f rom  b o t h  p e r f e c t  and  m o s a i c  c r v s t a l s
7 .

w e re  d e r i v e d .  Compton d ed u c ed  t h e  r e l a t i o n s h i p  b e tw e e n  o b s e r ­

ved  i n t e n s i t i e s  a n d  t h e  c o e f f i c i e n t s  o f  t h e  F o u r i e r  s e r i e s  and
8 .

t h e  m ethod  was f i r s t  employed by  W.L. B r a g g  i n  1929 i n  a  s tu d y

o f  t h e  s t r u c t u r e  o f  d i o p s i d e .

D u r in g  t h i s  t im e  c o r r e s p o n d i n g  d e v e lo p m e n t s  h a d  t a k e n  p l a c e

on t h e  e x p e r i m e n t a l  s i d e .  Powder  m e th o d s  had  b e e n  i n t r o d u c e d  by
9 .  1 0 .

Debye an d  S c h e r r e r  an d  H ul l  t h u s  e x t e n d i n g  t h e  scope  o f  t h e  

X - ra y  m e th o d  to  m ic ro  c r y s t a l l i n e  m a t e r i a l s .  The r o t a t i n g  c r y ­

s t a l  m e thod  was d e v e l o p e d  a s  a  r e s u l t  o f  t h e  w ork  o f  S c h i e b o l d
11

and o t h e r s  an d  t h e  o r i g i n a l  Laue m ethod  was im proved  b y  \7vclcoff,  
1 2 .  1 3 .  1 4 .

P a u l i n g  a n d  S c h i e b o l d .  In  1924 W e i s s e n b e r g  i n t r o d u c e d  t h e

m oving  f i l m  m e th o d  o f  r e c o r d i n g  X - r a y  r e f l e c t i o n s  p h o t o g r a p h i ­

c a l l y .  T h i s ,  i n  c o n j u n c t i o n  w i t h  t h e  c o n c e p t  o f  t h e  r e c i p r o c a l
1 5 .

l a t t i c e  i n t r o d u c e d  b y  Bwald made s p a c e  g roup  d e t e r m i n a t i o n  a 

r o u t i n e  m a t t e r  and  by  d e c r e a s i n g  t h e  i n t e n s i t y  o f  i n c o h e r e n t  

s c a t t e r i n g  r e l a t i v e  to  t h a t  g i v e n  b y  c o h e r e n t  s c a t t e r i n g  c o n ­

s i d e r a b l y  i n c r e a s e d  t h e  a c c u r a c y  p o s s i b l e  i n  i n t e n s i t y  m e a s u r e ­

m e n t s  b y  p h o t o g r a p h i c  m e t h o d s .



The c o m p l e x i t y  o f  m o s t  o f  t h e  o r g a n i c  m o l e c u l e s  w hich  a r e

c r y s t a l l i n e  a t  o r d i n a r y  t e m p e r a t u r e s  me.de t h e  e l u c i d a t i o n  o f  t h e i i

s t r u c t u r e  e x t r e m e l y  d i f f i c u l t ,  and  i t  was  n o t  u n t i l  1929 t h a t  t h e

f i r s t  o f  t h e s e ,  h e x a m e t h y l b e n z e n e , was d e t e r m i n e d  i n  f u l l  by
1 6 .

L o n s d a l e .  The f i r s t  F o u r i e r  a n a l y s i s  o f  a  complex o r g a n i c  m o le -
1 7 .

c u l e  was c a r r i e d  o u t  on a n t h r a c e n e  b y  R o b e r t s o n .  I n  t h e  s u c ­

c e e d i n g  d e c a d e  numerous  o t h e r  o r g a n i c  s t r u c t u r e s  w e re  s u c c e s s ­

f u l l y  exam ined .

In  t h e  e a r l y  work  i t  was n e c e s s a r y  t o  p r o c e e d  b y  t r i a l  and 

e r r o r  m e th o d s .  A p r o b a b l e  s t r u c t u r e  f o r  t h e  m o l e c u l e  was p o s t u ­

l a t e d  a n d  f rom  i t  t h e  i n t e n s i t i e s  o f  t h e  X - r a y  r e f l e c t i o n s  c a l c u ­

l a t e d .  When a  s u f f i c i e n t l y  good  a g r e e m e n t  was o b t a i n e d  b e tw een  

c a l c u l a t e d  an d  o b s e r v e d  i n t e n s i t i e s  t h e  s t r u c t u r e  was t h e n  

r e f i n e d  b y  s u c c e s s i v e  F o u r i e r  s y n t h e s e s .  T h i s  p r o c e s s  was n e c e s ­

s a r i l y  a  l a b o r i o u s  o n e .  C o n s i d e r a b l e  a d v a n c e  was made p o s s i b l e
1 8 .

by  t h e  u s e  o f  h e av y  a tom  m ethod  d e v e l o p e d  b y  R o b e r t s o n  in  work

on t h e  compounds o f  t h e  p h t h a l o c y a n i n e  s e r i e s ,  and  t h e  i n t r o d u c -
1 9 .

t i o n  o f  t h e  d i r e c t  F o u r i e r  m e th o d  b y  P a t t e r s o n .  By a  co m b in a t io r  

o f  t h e s e  two t e c h n i q u e s  i t  i s  p o s s i b l e  to  exam ine  c r y s t a l s  ab o u t  

w h ich  no i n f o r m a t i o n  r e g a r d i n g  p r o b a b l e  a t o m i c  a r r a n g e m e n t  i s  

a v a i l a b l e .



4 .

b ) T h e o r e t i c a l

D i f f r a c t i o n  b y  t h e  C r y s t a l  L a t t i c e

In  a  t r u e  c r y s t a l  t h e  u n i t  o f  p a t t e r n  i s  r e p e a t e d  in  t h r e e  

d i m e n s i o n s  and  t h i s  p e r i o d i c i t y  i n  t h e  c r y s t a l l i n e  s t r u c t u r e  a c t s  

a s  a  d i f f r a c t i o n  g r a t i n g  f o r  X - r a y s .  The e f f e c t  i s  a n a l o g o u s  

t o  t h a t  o f  t h e  d i f f r a c t i o n  o f  l i g h t  b y  a  l i n e  g r a t i n g .  VThen 

l i g h t  i s  d i f f r a c t e d  b y  a  l i n e  g r a t i n g  t h e  p o s i t i o n s  o f  t h e  s p e c ­

t r a  depend  o n l y  on t h e  w a v e l e n g t h  o f  t h e  l i g h t  employed and  t h e  

g r a t i n g  c o n s t a n t ,  i . e .  t h e  i n t e r v a l  a t  w hich  t h e  l i n e s  r e p e a t .  

S i m i l a r l y  i n  t h e  c a s e  o f  X - r a y  d i f f r a c t i o n  b y  c r y s t a l s  t h e  p o s i ­

t i o n s  a t  w h ic h  t h e  s p e c t r a  a p p e a r  a r e  d e p e n d e n t  on t h e  i n t e r v a l s  

a t  w h ic h  t h e  p a t t e r n  r e p e a t s  i n  t h r e e  d i m e n s i o n s .  The c o n d i t i o n s  

f o r  t h e  f o r m a t i o n  o f  X - r a y  s p e c t r a  w ere  f i r s t  f o r m u l a t e d  by L aue .  

I f  t h e  i n c i d e n t  beam m akes  an  a n g l e ^  0 w i t h  t h e  g r a t i n g ,  t h e  

s p a c i n g  o f  w h ic h  i s  a ,  a n d  t h e  d i f f r a c t e d  beam makes  an  a n g l e  ^  

w i t h  t h e  g r a t i n g ,  t h e n  t h e  p a t h  d i f f e r e n c e  i s  a ( c o s ^  - c o s ^ 0 ) or  

a (  a  -  a 0 ) w h e re  cos  ^  " a  and  c o s J ^ 0 = ao* R e i n f o r c e m e n t  o c c u r s  

when t h e  p a t h  d i f f e r e n c e  i s  e q u a l  t o  an  i n t e g r a l  number o f  wave 

l e n g t h s .

n \  w h e re  K  i s  t h e  wave l e n g t h  and n an  

i n t e g e r .

Dor t h e  t h r e e  d i m e n s i o n a l  c a s e  we m u s t  h a v e  t h r e e  such 

r e l a t i o n s ,  v i z :  a ( a -  a0 ) = h \  j

b ( 6  .  p 0 ) = k X  j .............................................( i )

°(Y -  To) * i M



The o r d e r  o f  t h e  r e s u l t a n t  s p e c t ru m  b e i n g  d e f i n e d  b y  t h e  t h r e e  

i n t e g e r s  h ,  lc, and 1̂ .

B ra g g  c o n s i d e r a b l y  s i m p l i f i e d  t h e  t h e o r e t i c a l  t r e a t m e n t  by  

c o n s i d e r i n g  t h e  phenomenon a s  a  r e f l e c t i o n  f rom s u c c e s s i v e  p l a n e s  

o f  t h e  c r y s t a l  l a t t i c e .  B i g .  1 i l l u s t r a t e s  t h i s  c o n c e p t .  The 

i n c i d e n t  X - r a y  beam im p in g e s  on a  s e r i e s  o f  p l a n e s  whose s p a c i n g  

i s  d .

B i g .  1

When t h e  a n g l e  o f  i n c i d e n c e  i s  0 t h e  p a t h  d i f f e r e n c e  b e tw e en  

r e f l e c t i o n s  f ro m  s u c c e s s i v e  p l a n e s  i s  B^B -  B̂ -N = B1^  -  B^N -  

= 2 d s i n  0. With  m o n o c h ro m a t ic  r a d i a t i o n  K/ i s  f i x e d  i n  t h e  

r e l a t i o n

n X. = 2 d s i n 6  .................................................(2)



w h ic h  i s  t h e  c o n d i t i o n  f o r  r e i n f o r c e m e n t  f ro m  s u c c e s s i v e  p l a n e s .  

Hence enhancem ent  w i l l  o n ly  o c c u r  f o r  c e r t a i n  d e f i n i t e  v a l u e s  o f  

6_ c o r r e s p o n d i n g  t o  i n t e g r a l  v a l u e s  o f  n .  On t h e  o t h e r  hand i f  we 

employ a  ’w h i t e ’ X - r a d i a t i o n  \  i s  a  v a r i a b l e  i n  t h e  a b o v e  r e l a t i o n ­

s h i p  n A * 2 d s i n 9  and  f o r  a  f i x e d  v a l u e  o f  Q s e v e r a l  r e i n f o r c e m e n t s  

w i l l  o c c u r  .

P o r  a  g i v e n  w a v e l e n g t h  o n l y  a  f i n i t e  number  o f  s p e c t r a  can 

o c c u r  t h e  l i m i t  b e i n g  r e a c h e d  a s  s in©  a p p r o x i m a t e s  t o  u n i t y .

D e t e r m i n a t i o n  o f  u n i t  c e l l  d i m e n s i o n s

a jBLt. a

L e t  a  c r y s t a l  b e  r o t a t e d  a b o u t  a  c e r t a i n  a x i s  w i t h  an  X - r a y  

beam i m p i n g i n g  on t h e  c r y s t a l  n o rm a l  to  t h a t  a x i s .  Then i f
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A and  B a r e  s u c c e s s i v e  i d e n t i c a l  p o i n t s  a l o n g  t h e  a x i s  o f  r o t a t i o n  thej 

d i r e c t i o n  o f  d i f f r a c t i o n  w i l l  depend  on AB a c c o r d i n g  to  t h e  r e l a t i o n

a n g l e  "between t h e  d i f f r a c t e d  beam a n d  t h e  a x i s  o f  r o t a t i o n .  I f  BA 

r e p r e s e n t s  t h e  a  a x i s  o f  t h e  c r y s t a l  a l l  a  r e f l e c t i o n s  f o r  which 

h  * n h a v e  d i r e c t i o n s  o f  d i f f r a c t i o n  such  t h a t  t h e y  make t h e  same

f l e c t i o n s  w i l l  l i e  on a  cone w i t h  a x i s ,  t h e  a x i s  o f  r o t a t i o n ,  a l l  

(2 k  1 )  r e f l e c t i o n s  w i l l  l i e  on a  c o n c e n t r i c  cone w i t h  a  s m a l l e r  sem i-  

v e r t i c a l  a n g l e .  I f  a  f l a t  p l a t e  i s  u s e d  t o  r e c o r d  t h e  r e f l e c t i o n s  

t h e  s u c c e s s i v e  c o n e s  w i l l  i n t e r s e c t  t h e  p l a t e  i n  h y p e r b o l a s ,  w h i l e  i f  

a  c y l i n d r i c a l  f i l m  i s  p l a c e d  w i t h  t h e  a x i s  o f  r o t a t i o n  c o i n c i d i n g  

w i t h  t h e  a x i s  o f  t h e  c y l i n d e r  t h e n  t h e  c o n e s  w i l l  i n t e r s e c t  t h e  f i l m  

i n  c i r c u l a r  p a t h s ,  t h e  s o - c a l l e d  l a y e r  l i n e s  o f  t h e  r o t a t i o n  p h o t o ­

g r a p h .  The d i s t a n c e  b e tw e e n  t h e  l a y e r  l i n e s  can  b e  m ea s u re d  and from 

t h e  r a d i u s  o f  t h e  cam era  t h e  a n g l e  ^  i s  o b t a i n e d  f o r  each  l a y e r  l i n e .  

The p e r i o d i c i t y  a l o n g  t h e  a x i s  can t h e n  be  d e t e r m in e d  f rom  t h e  r e l a ­

t i o n  n A  = a  s i n  ^  w here  n i s  t h e  o r d e r  o f  t h e  l i n e  a b o v e  t h e  equato­

r i a l  l i n e  an d  t h e  c o r r e s p o n d i n g  d i f f r a c t i o n  a n g l e .  Hence p e r i o ­

d i c i t i e s  can  b e  m e a s u r e d  i n  t h r e e  d i r e c t i o n s  and  t h e  u n i t  c e l l  d e t e r ­

m in e d .

n A = AB s i n  (p a s  i s  s e en  i n  P i g .  2 .  ( f  i s  t h e  complement o f  t h e

a n g l  e w i t h  t h e  a x i s  o f  r o t a t i o n .  Hence,  a l l  (1 k 1) r e -

The S t r u c t u r e  A m p l i t u d e | P ( h i d )|

E x a m i n a t i o n  o f  a  c r y s t a l  b y  X - r a y  m e th o d s  g i v e s  i n f o r m a t i o n  on 

t h e  p o s i t i o n  and  i n t e n s i t y  o f  t h e  r e c o r d e d  r e f l e c t i o n s .  The



s t r u c t u r e  am p l i tu d eJ ]F (h lc l j |  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  a m p l i ­

t u d e  o f  t h e  r e f l e c t e d  r a y  a c t u a l l y  r e c e i v e d  f o r  t h e  p l a n e  ( h i d j  

to  t h a t  w h ic h  w ould  be  r e c e i v e d  i f  th .e  c o n t e n t s  o f  t h e  c e l l  were  

r e p l a c e d  b y  a  s i n g l e  e l e c t r o n .  The d i f f r a c t e d  wave i s  made up 

f ro m  com ponen ts  f rom each  atom i n  t h e  u n i t  c e l l , h e n c e  i f  we con 

s i d e r  an  a tom o f  c o o r d i n a t e s  (x ,  y ,  z )  t h e n  t h e  d i f f e r e n c e  i n  

phs.se o f  t h e  wave s c a t t e r e d  b y  t h i s  a tom  compared w i t h  t h a t  a t  

t h e  o r i g i n  w i l l  b e  2 n ( h x / a  + h y /b  + l z / c )  w here  a ,  b and  £  a r e  

t h e  a x i a l  l e n g t h s  o f  t h e  u n i t  c e l l .  As t h e  s t r u c t u r e  a m p l i t u d e  

i n  t h e  g e n e r a l  c a s e  i n c l u d e s  b o t h  a m p l i t u d e  an d  p h a s e  i t  can 

b e s t  b e  e x p r e s s e d  by  t h e  u s e  o f  complex  num bers ,

b(hld)| =2. fe2wi(hx/ a + Lz/c) ...................... (3)
t h e  summation  b e i n g  c a r r i e d  o u t  o v e r  a l l  a toms i n  t h e  u n i t  c e l l .  

£  i s  t h e  s c a t t e r i n g  e f f i c i e n c y  o f  each  atom f o r  t h e  p a r t i c u l a r  

p l a n e  c o n s i d e r e d  so t h a t  | F ( h l d j |  i s  g i v e n  i n  a b s o l u t e  u n i t s  i n  

a c c o r d a n c e  w i t h  t h e  d e f i n i t i o n  g i v e n  a b o v e .  |3?(hldjJ must  b e  on 

such  a  s c a l e  t h a t  i t s  v a l u e  when s i n  6 -  0 i s  e q u a l  to  t h e  num­

b e r  o f  e l e c t r o n s  i n  t h e  u n i t  c e l l .  f_ f a l l s  sway r a p i d l y  w i t h  

i n c r e a s e  o f  ?. .as t h e  e f f i c i e n c y  o f  s c a t t e r i n g  i s  r e d u c e d  f o r  

l a r g e  v a l u e s  o f  0_ b y  p h a s e  d i f f e r e n c e s  b e tw een  t h e  component 

waves  s c a t t e r e d  b y  e l e c t r o n s  i n  t h e  d i f f e r e n t  p a r t s  o f  t h e  a tom s 

The s c a t t e r i n g  o f  X - r a y s  b y  an  atom o f  an  e lem e n t  depends  on t h e  

a t o m i c  number  a n d  f  may b e  c a l c u l a t e d  f rom  t h e  e x p r e s s i o n



w h e r e  - 4ttt B.in.Q. and  r e p r e s e n t s  t h e  p r o b a b i l i t y  o f  f i n d i n g
A

an  e l e c t r o n  b e tw e e n  t h e  r a d i u s  r  and  r  + d r  f rom  t h e  c e n t r e  o f  t h e  

a t o m .

Snace  Group Theory

A c r y s t a l  r e g a r d e d  a s  a  w h o le  p o s s e s s e s  c e r t a i n  e l e m e n t s  of  

symmetry an d  i f  grown u n d e r  i d e a l  c o n d i t i o n s  t h i s  symmetry w i l l  

b e  a p p a r e n t  i n  t h e  e x t e r n a l  fo rm  o f  t h e  c r y s t a l .  T h i s  symmetry 

i s  a l s o  i n d i c a t e d  b y  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  c r y s t a l ,  e . g .  

t h e r m a l  e x p a n s i o n ,  e l e c t r i c a l  c o n d u c t i v i t y  a n d  o p t i c a l  p r o p e r t i e s .  

The o p e r a t i o n s  n e c e s s a r y  to d e s c r i b e  c o m p l e t e l y  t h e  e x t e r n a l  sym­

m e t r y  o f  s. c r y s t a l  a r e  t h o s e  o f  r e f l e c t i o n ,  r o t a t i o n  a n d  r o t a t i o n  

combined  w i t h  i n v e r s i o n .

A c r y s t a l  h a s  i n  g e n e r a l  a  number o f  t h e s e  symmetry e lem e n t s  

f o r m i n g  a n  a s s o c i a t e d  g roup  w h ic h  d e s c r i b e  i t s  symmetry;  t h e  

c o m b i n a t i o n  i s  t e r m e d  a  p o i n t  g r o u p .  In  a l l  we f i n d  t h a t  t h e r e  

a r e  32 d i f f e r e n t  c o m b i n a t i o n s ,  d i s t r i b u t e d  among t h e  s e v e n  c r y ­

s t a l  s y s t e m s ,  t r i c l i n i c ,  m o n o c l i n i c ,  o r t h o r h o m b i c , h e x a g o n a l ,  

r h o m b o h e d r a l , t e t r a g o n a l  and  c u b i c .  To e x t e n d  t h e  t h e o r y  to a 

c o n t i n u o u s  l a t t i c e  i t  i s  n e c e s s a r y  t o  c o n s i d e r  two a d d i t i o n a l  

e l e m e n t s  o f  sym m etry .  These  a r e  t h e  g l i d e  p l a n e  and  sc rew  a x i s ,  

b o t h  o f  w h ich  i n v o l v e  t r a n s l a t i o n a l  m ovem ents .

T h i s  p ro b le m  was  examined i n d e p e n d e n t l y  b y  S c h o e n f l i e s ,  

B ed e ro v  and  B a r lo w .  They c o n c l u d e d  t h a t  t h e r e  a r e  230 g e o m e t r i ­
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c a l l y  d i s t i n c t  ways o f  a r r a n g i n g  t h e  symmetry e l e m e n t s  p o s s i b l e  

i n  a  c r y s t a l .  E v e ry  c r y s t a l  f o u n d  i n  n a t u r e  m u s t  conform to  one 

o f  t h e s e  g r o u p s ,  a l t h o u g h  ev e ry  g ro u p  may n o t  b e  p h y s i c a l l y  p o s ­

s i b l e .

As h a s  b e e n  shown i n  e q u a t i o n  (3 )  t h e  s t r u c t u r e  a m p l i t u d e

f o r  a n y  p l a n e  ( h k l )  i s  g i v e n  by  t h e  e x p r e s s i o n

I F ( h k l ) i  = £ f e 2 w l (h x / a  + fcyA + l z / c )  

w h e r e  t h e  com plex  r e s u l t a n t  e x p r e s s e s  b o t h  t h e  a m p l i t u d e  and p h a s e  

o f | P ( h l & J |  a c c o r d i n g  to  t h e  u s u a l  c o n v e n t i o n s .

T h i s  e q u a t i o n  (3)  i n v o l v e s  s i n e  t e r m s  a s  w e l l  a s  c o s i n e

t e r m s  b u t  i f  t h e  s t r u c t u r e  h a s  a  c e n t r e  o f  symmetry t h e n  an  atom 

i n  p o s i t i o n  ( x ,  y ,  z)  w i l l  h a v e  a  r e l a t e d  atom a t  ( x ,  y , z) and  

f o r  each  t e r m  i n  t h e  summation  s i n  27r(hx/a  + Ny/b + l z / c )  t h e r e  

w i l l  b e  a  t e r m  s i n  2 ? r ( h x / a  + k y /b  + l z / c )  = -  s i n  27r(hx/a + 

k y / b  + l z / c )  . Hence t h e  s i n e  t e r m s  w i l l  c a n c e l  o u t  and i n  t h i s  

s p e c i a l  c a s e

F ( h k l )  f  cos  27r(hx/a  + k y /b  + l z / c )  . ( 5 )

Now, f o r  exam ple ,  i f  we c o n s i d e r  a  s t r u c t u r e  composed o f  

a t o m s ,  on a  f a c e - c e n t r e d  l a t t i c e  w i t h  an  o r i g i n  a t  one  o f  t h e  

a t o m s ,  o t h e r  a to m s  i n  t h e  l a t t i c e  a r e  a t  t h e  p o i n t s  O H ,  g-0-g-, -g-gO. 

The s t r u c t u r e  f a c t o r ,  s i n c e  t h e  s i n e  t e r m s  a r e  z e r o ,  i s  g i v e n  b y  

t h e  e x p r e s s i o n

F ( h k l )  = 4 f ^ c o s 0  + cos2ir(-g-k + ■§!) + cos2?r(-§h + ^-lj + cos2^(-g-h +

= 4 f  cos7r(h + k + lJcos-g-Trfk: + l jcos-gw fh  + l_)cos-g-7r(h + k) . . . . ( 6 )  

T h i s  e x p r e s s i o n  c o v e r s  a l l  t h e  p o s s i b l e  r e f l e c t i o n s  f rom a  f a c e -
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c e n t r e d  l a t t i c e  an d  i t  i s  s e e n  t h a t  t h e  e x p r e s s i o n  v a n i s h e s  f o r  

odd v a l u e s  o f  h  + 1 ,  H + 1̂ , h  + k ,  i . e .  h ,  k and  1 ,  a r e  e i t h e r  a l l  

ev en  o r  a l l  odd i n t e g e r s .  The s p e c t r a ,  (120)  (330)  e t c .  c a n n o t  

o c c u r  and  a r e  known a s  ’m i s s i n g  s p e c t r a ’ .

The d e t e r m i n a t i o n  o f  t h e  s p a c e  g ro u p  o f  a  c r y s t a l  b y  X - ra y  

m e th o d s  makes  u s e  o f  t h i s  f a c t ,  s i n c e  t h e  s y s t e m a t i c  e x t i n c t i o n s  

can  h e  o b s e r v e d  an d  t h e  symmetry e l e m e n t s  n e c e s s a r y  f o r  t h e s e  

e x t i n c t i o n s  d e t e r m i n e d .

C e n t r e d  l a t t i c e s  g i v e  t h e  m o s t  g e n e r a l  e x t i n c t i o n s ,  f a c e -  

o r  b o d y -  c e n t r e d  l a t t i c e s  g i v e  e x t i n c t i o n s  t h r o u g h  a l l  v a l u e s  o f  

( h k l ) .  G l i d e  p l a n e s  h a v e  a  more  l i m i t e d  c l a s s  o f  m i s s i n g  s p e c t r a  

one  zone  o n l y  b e i n g  a f f e c t e d ,  e . g .  i f  we h a v e  a  g l i d e  p l a n e  i n v o l ­

v i n g  r e f l e c t i o n  a c r o s s  b a cco m p an ied  w i t h  a  t r a n s l a t i o n  o f  a a l l
~  2 

s p e c t r a  w i t h  an  odd v a l u e  o f  h  w i l l  b e  a b s e n t .

The e x i s t e n c e  o f  a  s c rew  a x i s  i s  d e n o te d  b y  t h e  a b s e n c e  o f

c e r t a i n  o r d e r s  o f  r e f l e c t i o n  a t  r i g h t  a n g l e s  to  t h e  a x i s ,  e . g .  i f

t h e  b a x i s  i s  a  two f o l d  sc rew  a x i s  t h e n  f o r  t h e  (OkO) r e f l e c t i o n s ,

o n l y  t h e  ( 0 2 0 ) ,  ( 0 4 0 ) ,  (060)  o r d e r  w i l l  o c c u r .  Space Group Theory

h a s  b e e n  d e v e l o p e d  i n  a  fo rm  s u i t a b l e  f o r  u s e  i n  c o n j u n c t i o n  w i t h
2 0 .

X - r a y  a n a l y s i s  by  A s t b u r y  and  Y a r d l e y  and  i n  t h e  ”I n t e r n a t i o n a l
2 1 .

T a b l e s  f o r  t h e  D e t e r m i n a t i o n  o f  C r y s t a l  S t r u c t u r e ” w here  t h e  

e x t i n c t i o n s  a p p r o p r i a t e  t o  t h e  v a r i o u s  i n d i v i d u a l  s p a c e  g r o u p s  a r e  

t a b u l a t e d .

C e r t a i n  s p a c e  g r o u p s  ca n n o t  b e  e s t a b l i s h e d  u n e q u i v o c a l l y  by  

X - r a y  m e t h o d s .  By B r i e d e l ’ s Law, X - r a y s ,  i n  t h e i r  d i f f r a c t i o n
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e f f e c t s ,  add  on t h e  a p p e a r a n c e  o f  a  c e n t r e  o f  symmetry where  t h i s  

may h e  l a c k i n g  i n  t h e  c r y s t a l .  A c a s e  i n  p o i n t  i s  t h a t  o f  

d i - p - t o l y l  d i s u l p h i d e  c o n s i d e r e d  on p . 8 P t . I . I n  t h i s  c r y s t a l  t h e  

X - r a y  e x a m i n a t i o n  g i v e s  a  s e r i e s  o f  a b s e n t  s p e c t r a  c o n s i s t e n t  

w i t h  s p a c e  g r o u p s  P2-j_ o r  P2^/m,  o n l y  t h e  l a t t e r  p o s s e s s i n g  a 

c e n t r e  o f  symmetry.

I n  a  c r y s t a l  w h ic h  h a s  no c e n t r e  o f  symmetry t h e  g e n e r a l  

f a c e  ( h k l )  h a s  d i f f e r e n t  p r o p e r t i e s  to  t h e  f a c e  ( h l d j  . T h i s  

d i f f e r e n c e  i s  due  t o  t h e  r e v e r s a l  i n  t h e  o r d e r  i n  which  t h e  

m o l e c u l e s  a r e  e n c o u n t e r e d  i n  p r o c e e d i n g  i n  one  d i r e c t i o n  o r  t h e  

o t h e r  n o rm a l  to  t h e  f a c e .  I t  i s  t h u s  n e c e s s a r y  to  t e s t  f o r  t h e  

p r e s e n c e  o r  a b s e n c e  o f  a  c e n t r e  o f  symmetry b y  exam in ing  f o r  

p i e z o -  o r  p y r o -  e l e c t r i c  e f f e c t s  b e f o r e  t h e  h i g h e r  sp a c e  g roup  

o f  t h e  two a l t e r n a t i v e s  i s  a s su m ed .  I f  such  e x p e r im e n t s  a r e  

i n c o n c l u s i v e  t h e n  t h e  s p a c e  g ro u p  o f  lo w e r  symmetry m us t  be 

a ssum ed .

F u r t h e r ,  o n l y  symmetry e l e m e n t s  p r o d u c i n g  t r a n s l a t i o n s  can 

p r o d u c e  m i s s i n g  s p e c t r a .  H e n c e t h e  sp a c e  'g ro u p s  P 2 / a  and  Pa a r e  

i n d i s t i n g u i s h a b l e  by  X - r a y  m e th o d s  a l o n e  a s  no i n f o r m a t i o n  a b o u t  

t h e  p r e s e n c e  o f  t h e  t w o - f o l d  r o t a t i o n  a x i s  can  b e  o b t a i n e d  . 

G e n e ra l  e x t i n c t i o n s  due to  c e n t r e d  l a t t i c e s  im p ly  e x t i n c t i o n s  i n  

s p e c i a l i s e d  c l a s s e s ,  e . g .  I  222 c a n n o t  b e  d i s t i n g u i s h e d  from 

I 2p2p2p a s  t h e  c h a r a c t e r i s t i c  s c rew  a x i s  e x t i n c t i o n s  o f  (hOO) 

w i t h  h  odd ,  (OkO) w i t h  k odd and  (001)  w i t h  1_ odd o c c u r  i n  any  

c a s e  b e c a u s e  o f  t h e  e x t i n c t i o n  o f  ( h l d j  w i t h  h  + k + 1̂  odd.



In  e q u a t i o n  (3)  t h e  s t r u c t u r e  f a c t o r  i s  o b t a i n e d  i n  a  s t a n d a r d  

form b y  summing o v e r  ev e ry  a tom i n  t h e  u n i t  c e l l .  I n  a  g iven  

sp a c e  g r o u p ,  h o w e v e r ,  t h e r e  a r e  u s u a l l y  a  number  o f  ’ e q u i v a l e n t  

p o i n t s 1 and  i f  a n  atom o c c u r s  a t  one  o f  t h e s e  i t  i s  p ro d u ced  a t  

t h e  o t h e r s  by  t h e  symmetry o p e r a t i o n s  o f  t h e  s p a c e  g r o u p .  I t  i s  

t h u s  fo u n d  c o n v e n i e n t  t o  sum t h e  s t r u c t u r e  f a c t o r  o v e r  t h e  c r y -  

s t a l l o g r a p h i c a l l y  i n d e p e n d e n t  a toms a l o n e ,  a n d  f o r  t h i s  t h e  

t r i g o n o m e t r i c a l  form o f  t h e  s t r u c t u r e  f a c t o r  m ust  b e  m o d i f i e d  

f ro m  t h a t  g i v e n  i n  (3)  to  t a k e  a c c o u n t  o f  t h e  e q u i v a l e n t  p o i n t s .

F o r  example t h e  s p a c e  g ro u p  i n  w h ich  (3, (3f - d i i o d o d i e t h y l

t r i s u l p h i d e  c r y s t a l l i s e s ,  t h e r e  a r e  e i g h t  such  e q u i v a l e n t  p o i n t s ,
2 1 .

( i n t e r n a t i o n a l  T a b l e s  f o r  t h e  D e t e r m i n a t i o n  o f  C r y s t a l  S t r u c t u r e ) .  

The o r i g i n  h a s  i n  t h i s  c a s e  b e e n  t a k e n  a t  t h e  i n t e r s e c t i o n  of  t h e  

t w o - f o l d  r o t a t i o n  a x i s  p e r p e n d i c u l a r  t o  ( 1 1 0 ) ,  w i t h  t h e  4p sc rew  

a x i s  p a r a l l e l  t o  c .

(3).  .1 /2  -  y ,  1 / 2  + x ,  1 / 4  + z .  (7)  1 / 2  -  x ,  1 / 2  + y ,  1 / 4  - z .

( 4 )  1 / 2  + y ,  1 / 2  -  x,  3 / 4  + z .  (8) 1 / 2  + x ,  1 / 2  -  y ,  3 /4  - z .  

The s t r u c t u r e  a m p l i t u d e  F(hld_) i s  t h e n  o b t a i n e d  f rom t h e

f o l l o w i n g  r e l a t i o n s h i p s : -

(1 )  x ,  y ,  z .

(2 )  x ,  y ,  1 / 2  + z .

(5)  y ,  x ,  z .

(6)  y , x ,  l / 2  -  z .

F ( h k l )  -  ( £ f 0

a n d  t h e  p h a s e  a n g l e  a ( h k l j
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w h ere

A * 4^cos7r(h  + k) (x + y )  cos7r£(h -  k)  (x -  y )  -  1 / 2 ^ 0 0 s2 w (lz  + 1 / 4 )+

+■ cosw(h  + k ) c o s7 r j (h  -  k)  (x + y )  -  1 / 2

s 4 js in7r(h  + k) (x + y ) s i n w | ( h  -  k)  (x  -  y )  -  1 / 2

cosw(h + k)  (x ~ y ) c o s 2^1z

B sin2fir(lz + 1 / 4 ) -

-'C0S7r(h + k) slnTT (h -  k) (x + y ) - 1 / 2  s i n ^ ( h  + k) (x -  y ) s in 2 ' /2 z j .
L J  7 . 4 ( 7 )

Now f o r  t h e  (hkO) zone  o f  r e f l e c t i o n s  t h i s  r e d u c e s  t o

\ 5* (hkO)| = £ f 0A

a n d  a  c e n t r o - s y m m e t r i c a l  p r o j e c t i o n  i s  o b t a i n e d  down £ .  In t h e

i n v e s t i g a t i o n  o f  t h e  (3,(3’ - d i i o d o d i e t h y l  t r i s u l p h i d e  s t r u c t u r e  i t

was  c l e a r  t h a t  no r e s o l u t i o n  c o u ld  b e  e x p e c t e d  i n  t h e  £  a x i a l

p r o j e c t i o n s  a n d  i t  was d e c i d e d  t h a t  t h e  (hOlJ  zone  s h o u ld  b e

e x a m in e d .

By c h o o s i n g  a n  o r i g i n  a t  t h e  p o i n t  on a  t w o - f o l d  screw a x i s

p a r a l l e l  to  b ,  a t  p o s i t i o n  ( - a / 4 ,  - b / 4 )  w i t h  r e s p e c t  to  t h e  4^

s c re w  a x i s ,  t h e  b_ a x i a l  p r o j e c t i o n s  h a v e  an  a p p a r e n t  c e n t r e  o f

sym m etry .  T h i s  o r i g i n  i s  s i t u a t e d  a t  t h e  p o i n t  ( a / 4 ,  3 b / 4 ,  c / 8 )

w i t h  r e s p e c t  to  t h e  o r i g i n  a d o p t e d  i n  t h e  I n t e r n a t i o n a l  T a b l e s  f o r
2%.

t h e  D e t e r m i n a t i o n  o f  c r y s t a l  s t r u c t u r e .  P i g .  3 shows t h e  

a r r a n g e m e n t  o f  t h e  e q u i v a l e n t  p o i n t s  i n  t h e  u n i t  c e l l .
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d

*7 v ;

E q u i v a l e n t  P o i n t s

y. 1

S p e c i a l  P o s i t i o n s 0

P i g .  5

A r ran g e m e n t  o f  t h e  e q u i v a l e n t  p o i n t s  i n  s p a c e  g ro u p  P4i2]_



The c o o r d i n a t e s  o f  t h e  e q u i v a l e n t  p o i n t s  now Become

(1)  x ,  y ,  z .  (5 )  y ,  x ,  i  -  z .

(2 )  i  -  y,  x,  i +  z .  (6 )  £  + x ,  y ,  £  -  z .

(3)  £  ” x , £  -  7> f  + z . (7 )  £  + y ,  + x , -  z .

(4)  y ,  £  -  x ,  f  + z .  (8 )  x ,  £  + y , z .

and  t h e  f o u r  s p e c i a l  p o s i t i o n s  a r e  a t : -

(1)  x ,  x ,  £ .

(2)  £  + x ,  x ,  f .

(3)  £  -  x ,  £  + x ,

(4)  x ,  £  -  x ,  £ .

The g e o m e t r i c a l  s t r u c t u r e  f a c t o r  S i s  t h e n  g i v e n  By

g s  2^ e 2 7 r i (h x /a  + k y / b  + l z / c )  

and  f o r  (hQ.1) i . e .  k  = 0

s  -  ^  e 2 ? r i (h x /a  + l z / c )

x A + iB and  B = 0 

s i n c e  t h e  p r o j e c t i o n  i s  c e n t r o s y m m e t r i c a l

A - cos2?r(hx /a  + l z / c } + c o s 2 ? r  h / a ( a / 2  -  y )  + l / c ( c / 4  + z)

+* c o s 27r £ h / a ( a / 2  -  x )  + l / c ( c / 2  + z^  +• cos2r\j^y + l / c ( 3^ + z)J

■a- cos27T -  h y / a  -  l / c ( 3 c + z )  + c o s 2 - ^ - h / a ( a  -  z) -  l / c ( £  + z 
L 4 J  t  2 2

4- c o s 2 7 r £ - h / a ( a / 2  -  y )  -  1 / 0 ( 0 , +  z ) j +  c o s 2 ? r ( -h x /a  + l z / c )

w h ic h  s i m p l i f i e s  t o  A * 4 co's27rfh + 1 + l z l c o s 2 w T h  + 1 - hx  I
L 4 c ] r  4
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I n t e n s i t y  o f  t h e  X - r a y  R e f l e c t i o n

The c a l c u l a t i o n  o f  t h e  s t r u c t u r e  f a c t o r  f rom  a  knowledge  of  

t h e  e l e c t r o n  d i s t r i b u t i o n  i n  t h e  u n i t  c e l l  h a s  b e e n  d e r i v e d  above

(3)  b u t  i n  p r a c t i c e  i t  i s  t h e  i n t e n s i t y  o f  t h e  d i f f r a c t e d  beam 

w h ic h  i s  o b s e r v e d  an d  t h i s  m u s t  b e  r e l a t e d  to  t h e  s t r u c t u r e  a m p l i ­

t u d e .  Prom c l a s s i c a l  e l e c t r o m a g n e t i c  t h e o r y  t h e  a m p l i t u d e  o f  t h e

wave s c a t t e r e d  a t  a  d i s t a n c e  r  f rom t h e  s o u r c e  b y  a  f r e e  e l e c t r o n  
A e 2i s — w h e re  A i s  t h e  a m p l i t u d e  o f  t h e  wave w h ich  s e t  t h e  e l e c -  
r  mc^

t r o n  v i b r a t i n g  an d  £  i s  t h e  v e l o c i t y  o f  l i g h t .  In  t h i s  e x p r e s ­

s i o n  t h e  e l e c t r i c  v e c t o r  i s  a ssum ed  t o  b e  normal  t o  t h e  p l a n e  co n ­

t a i n i n g  t h e  i n c i d e n t  and  t h e  s c a t t e r e d  r a y s ,  b u t  i f  i t  l i e s  i n  

t h i s  p l a n e  t h e  a m p l i t u d e  becom es

A e 2 cos  2 0  (9)
r  me

2 0  b e i n g  t h e  a n g l e  b e tw e e n  t h e  i n c i d e n t  an d  t h e  d i f f r a c t e d  r a y s .

The i d e a l  c a s e  f o r  m a t h e m a t i c a l  t r e a t m e n t  i s  t h a t  o f  a  p a r a l ­

l e l  beam o f  m o n o ch ro m a t ic  r a d i a t i o n  f a l l i n g  on a  p e r f e c t  c r y s t a l .

I n  a c t u a l  f a c t  c r y s t a l s  r a r e l y  f a l l  i n t o  t h i s  c a t e g o r y .  They 

u s u a l l y  c o n s i s t  o f  a  m o sa ic  o f  s m a l l  c r y s t a l l i n e  b l o c k s  which  a r e  

i n c l i n e d  a t  s m a l l  a n g l e s  to  ea ch  o t h e r  w i t h  an i r r e g u l a r  i n t e r r u p ­

t i o n  o f  t h e  i n t e r v e n i n g  b o u n d a r i e s .  The d i f f r a c t e d  beam i s  t h u s  

p r o d u c e d  on r o t a t i o n  t h r o u g h  a  sm a l l  a n g l e  d ep e n d in g  on t h e  p e r ­

f e c t i o n  o f  t h e  c r y s t a l  s p e c im e n .  The a b s o l u t e  m easu rem en t  o f  t h e

e n e r g y  o f  t h e  d i f f r a c t e d  beam i s  g i v e n  b y  E ^  w here  E i s  t h e  en e rg y

-N I om e a s u r e d  d u r i n g  r o t a t i o n  u) and  I Q i s  t h e  e n e r g y  o f  t h e  i n c i d e n t

beam. E x p r e s s i o n s  (3)  and  (9 )  can b e  combined t o  g i v e  an  a b s o l u t e
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m e a su re m e n t  o f  t h e  s t r u c t u r e  a m p l i t u d e  f rom t h e  e q u a t i o n

= " H e 2 F f h i a )  2 i s 1 + c o s 2 2 8 !(v ............................
I 0 L me2 -  2 s i n  2Q

(10 )

f o r  a  c r y s t a l  o f  v e r y  s m a l l  volume *bv o f  n e g l i g i b l e  a b s o r p t i o n ,

t o  c o r r e c t  f o r  t h e  normal  u n p o l a r i s e d  s t a t e  o f  t h e  r a d i a t i o n .

E q u a t i o n  (10 )  g i v e s  t h e  i n t e n s i t y - s t r u c t u r e  a m p l i t u d e  r e l a ­

t i o n  a s  a p p l i e d  t o  t h e  m a j o r i t y  o f  c r y s t a l s .

F o r  c r y s t a l s  o f  t h e  p e r f e c t  t y p e  t h e  r e l a t i o n  g i v e n  by e q u a ­

t i o n  (11)  m us t  b e  u s e d .

The m ain  d i f f e r e n c e  b e tw e e n  (10)  and  (11 )  i s  t h a t  F ( h l d J  i s  

s q u a r e d  i n  (10 )  w h e re a s  i t  o n l y  e n t e r s  a s  a  l i n e a r  f a c t o r  i n  (11)  

When r e l a t i v e  in tens i t}?-  m e a s u re m e n ts  a r e  r e q u i r e d  t h e  e x p r e s  

s i o n s  become much l e s s  com plex

w h e r e  1^. and  12  a r e  t h e  two i n t e n s i t i e s  o b s e r v e d  u n d e r  t h e  ssme 

c o n d i t i o n s .  Fq and  F 2  a r e  t h e  s t r u c t u r e  f a c t o r s  and  and Pp

a r e  t h e  p o l a r i s a t i o n  f a c t o r s .

When t h e  a b s o r p t i o n  o f  X - r a y s  i s  a p p r e c i a b l e  i n  t h e  c r y s t a l

l e n g t h  o f  t h e  mean p a t h  o f  t h e  beam t h r o u g h  t h e  c r y s t a l  and |_i i s

X b e i n g  t h e  w a v e l e n g t h  employed and  N t h e  number o f  u n i t  c e l l s
p

p e r  u n i t  volume o f  t h e  c r y s t a l .  1 + c o s  20 i s  a  f a c t o r  employed

37rmco
(1 1 )

(12)

t h e  i n t e n s i t i e s  a r e  c o r r e c t e d  h y  a  f a c t o r  e +^ w h e re  t  i s  t h e
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t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  w a v e l e n g t h  em ployed.

I f  a  c r y s t a l  a p p r o x i m a t e s  to  t h e  m o s a i c  t y p e  b u t  w i t h  con­

s t i t u e n t  b l o c k s  r a t h e r  l a r g e  f o r  e q u a t i o n  (10)  t o  b e  v a l i d  t h e r e  j 

i s  a  f a l l i n g  o f f  o f  i n t e n s i t i e s  o f  s t r o n g  r e f l e c t i o n s .  T h is  

e f f e c t  i s  known a s  ’p r i m a r y  e x t i n c t i o n ’ a n d  may b e  r e d u c e d  by 

q u e n c h i n g  t h e  c r y s t a l  i n  l i q u i d  a i r  t o  r e d u c e  t h e  p e r f e c t i o n  o f  

t h e  s p e c im e n .  ’ S e c o n d a ry  e x t i n c t i o n ’ i s  due to  an  a r t i f i c i a l  

i n c r e a s e  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  v e r y  s t r o n g  r e f l e c t i o n s  

b y  t h e  b a c k - r e f l e c t i o n  o f  t h e  d i f f r a c t e d  beam from u p p e r  l a y e r s  

o f  t h e  c o s t a l .

I n t e n s i t y  m e a s u re m e n t s  may b e  p u t  on an  a b s o l u t e  s c a l e  f rom 

f i r s t  p r i n c i p l e s  by  means o f  e q u a t i o n s  (10)  o r  (11)  o r  a s  i s  

m o re  commonly done  b y  c o m p a r i s o n  w i t h  a  ’ s t a n d a r d  c r y s t a l '  w h ich  

h a s  b e e n  c a l i b r a t e d  d i r e c t l y .

F o u r i e r  A n a l y s i s

A q u a n t i t y  w hich  i s  a  p e r i o d i c  f u n c t i o n  o f  a  s i n g l e  c o o r d i ­

n a t e  x  can  b e  r e p r e s e n t e d  by  a  o n e - d i m e n s i o n a l  F o u r i e r  s e r i e s

w h e re  A i s  t h e  a m p l i t u d e  and a  t h e  p h a s e  o f  each  c o s i n e  t e r m ,  and 

a  i s  t h e  d i s t a n c e  w i t h i n  w hich  t h e  p e r i o d i c  f u n c t i o n  r e p e a t s  i t ­

s e l f ,  As h a s  a l r e a d y  b e en  s t a t e d ^ i n  a  c r y s t a l  t h e r e  e x i s t s  a

F ( x )  = A0 + A ^ c o s ( + ^ i )  + Agco8 ( 477^ / 3, + 0,2 ) 

+ A g c o s ^ ^ / ^  + 0,3 ) +...... ..................................... .. (13)

n -  u - (14)
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p e r i o d i c  v a r i a t i o n  i n  t h e  e l e c t r o n  d e n s i t y  and  t h i s  p e r i o d i c  

f u n c t i o n  i n  t h r e e  d im e n s io n s  c a n  b e  r e p r e s e n t e d  by  a  t r i p l e  

F o u r i e r  s e r i e s

w h ere  p  (xyz)  i s  t h e  e l e c t r o n  d e n s i t y  a t  t h e  p o i n t  w i t h  c o o r d i -

r e f l e c t i o n  a s  a l r e a d y  d e f i n e d  b y  ( 3 ) .

The e l e c t r o n  d e n s i t y  can  b e  e x p r e s s e d  a s  a n  e x p o n t e n t i a l  

f u n c t i o n

( ° ( x y z )  = 1  L  Z  I  F ( h i a ) e - 27ri(hx/ a  + %?/*> + W ° )   d s )

w h e re  Vc i s  t h e  volume o f  t h e  u n i t  c e l l .  F ( h k l )  i s  a  complex 

q u a n t i t y  i n v o l v i n g  b o t h  a b s o l u t e  v a l u e  and  t h e  p h a s e  o f  t h e  

s c a t t e r i n g  f a c t o r ,  F ( h k l J  an d  F ( h k l ) b e i n g  c o n j u g a t e  .

I f  i n  a  c r y s t a l  p o s s e s s i n g  a  c e n t r e  o f  symmetry t h e  o r i g i n  

o f  t h e  c o o r d i n a t e s  (xyz)  be  t a k e n  a t  t h e  c e n t r e  o f  symmetry t h e  

p h a s e  a n g l e  a ( h k l j  w h ich  m e a s u r e s  t h e  d i s p l a c e m e n t  o f  t h e  wave 

f rom  t h e  o r i g i n  m u s t  b e  l i m i t e d  to  v a l u e s  0 o r  it and  t h e s e  two 

c a s e s  can  t h e n  b e  d e a l t  w i t h  b y  t h e  a s s i g n m e n t  o f  a p p r o p r i a t e  

s i g n s  t o  t h e  c o e f f i c i e n t s  F ( h k l ) .  The s e r i e s  t h e n  becomes

f ( x y z )  = I I I  | F ( h k l ) |  cos27r(hx /a  + k y /b  + l z / c

n a t e s a m p l i t u d e  f o r  t h e  ( h k l j

1 Z  Z  + F ( h k l  )co s2 7 r (h x /a  + k y /b  + l z / c )  
Vc •—CTO — • • • «• • • • (17)
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o r  f o r  t h e  two d i m e n s i o n a l  c a s e  

+OO -too

P ( x y )  * i .  ^  + F (k ^ 0 )c o s 2 7 r (h x /a  + i y / b )  ..................... . ( I S )
•A- 00  -0 0

w h e r e  A i s  t h e  a r e a  o f  t h e  p r o j e c t i o n .

I n  c o n s t r u c t i n g  t h e  F o u r i e r  s e r i e s  a p p r o p r i a t e  to  t h e  s t r u c ­

t u r e  u n d e r  e x a m i n a t i o n  t h e  a m p l i t u d e s  a r e  o b t a i n e d  f rom t h e  X- 

r a y  d a t a .   ̂ Some o t h e r  m e thod  m u s t  h e  u s e d ,  h o w ev e r ,  i n  t h e  

d e t e r m i n a t i o n  o f  p h a s e  r e l a t i o n s h i p s .  The m o s t  commonly em­

p l o y e d  i s  s t i l l  t h a t  o f  s e t t i n g  up a  t r i a l  s t r u c t u r e  and  t h e n  

f i n d i n g  how t h e  s t r u c t u r e  f a c t o r s  f o r  t h i s  compare w i t h  t h o s e  

o b t a i n e d  f rom  t h e  X - r a y  d a t a .  When a  r e a s o n a b l e  d e g r e e  o f  f i t  

h a s  b e e n  o b t a i n e d  i t  i s  p o s s i b l e  t o  p r o c e e d  by  F o u r i e r  a n a l y s i s .

A l i m i t e d  number o f  t e r m s  can b e  i n c l u d e d  i n  a  F o u r i e r  s e r i e s  

an d  f rom t h e  r e s u l t i n g  a t o m i c  p o s i t i o n s  t h e  p h a s e  c o n s t a n t s  o f  

a  f u r t h e r  s e r i e s  o f  t e r m s  can  be  f i x e d  and  a  new summation s e t  

u p .  The m e th o d  i s  t h u s  one o f  s u c c e s s i v e  a p p r o x i m a t i o n .

D i r e c t  i n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  p h a s e  c o n s t a n t s  

i s  p o s s i b l e  i f  some o f  t h e  a to m s  o f  h i g h  s c a t t e r i n g  power i n  t h e  

s t r u c t u r e  l i e  i n  s p e c i a l  p o s i t i o n s  w i t h  r e s p e c t  t o  t h e  symmetry 

e l e m e n t s .  The c o n t r i b u t i o n  o f  t h o s e  a to m s  to  t h e  s t r u c t u r e  

f a c t o r  f o r  each  p l a n e  may a l l o w  t h e  p h a s e  c o n s t a n t  o f  t h e  whole  

s t r u c t u r e  f a c t o r  t o  b e  d e c i d e d .

The o t h e r  d i r e c t  m e th o d  o f  a n a l y s i s  i s  t h a t  d e v e lo p e d  by  
19 .

P a t t e r s o n .  The form o f  F o u r i e r  s e r i e s  employed h e r e  r e p r e s e n t s  

a  w e i g h t e d  a v e r a g e  d i s t r i b u t i o n  o f  d e n s i t y  a b o u t  a n y  p o i n t  i n
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t h e  c r y s t a l .  S in c e  t h e  c o e f f i c i e n t s  o f  t h e  t e r r a s  employed a r e  

p r o p o r t i o n a l  to  t h e  s q u a r e s  o f  t h e  s t r u c t u r e  f a c t o r s - n o  i n f o r m a ­

t i o n  a s  to  t h e  n a t u r e  o f  t h e  p h a s e  c o n s t a n t s  i s  n e c e s s a r y  i n  

s e t t i n g  up t h e  s e r i e s .

We haYe t h e  r e s u l t
+ 0 0  + 0 0  - f - o O

/ ° (x y z )  = ^  Z  1  [ F ( h k l ) | 2  c o ^ h x / a  + 3sy/b + l z / c )  . , . . . ( 1 9 )
—OO - 0 0  -ovo

T h i s  f u n c t i o n  h a s  maximum v a l u e s  a t  v e c t o r  d i s t a n c e s  f rom t h e  

o r i g i n  r e p r e s e n t i n g  t h e  s e p a r a t i o n  b e tw e e n  p o i n t s  o f  maximum 

e l e c t r o n  d e n s i t y  i n  t h e  c r y s t a l .

A m b ig u i ty  a r i s e s  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a  o b t a i n e d  

from. P a t t e r s o n ’ s a n a l y s i s  o f  s. s t r u c t u r e  s i n c e  i t  i s  o n l y  i n  t h e  

c a s e  o f  v e r y  s i m p l e  s t r u c t u r e s  t h a t  one can  d e c i d e  w i t h  c e r t a i n t y  

t o  w h ic h  i n t e r a t o m i c  d i s t a n c e s  t h e s e  v e c t o r s  r e f e r .

E x p e r i m e n t a l  M ethods

The r e c o r d i n g  o f  X - r a y  r e f l e c t i o n s  i s  now a l m o s t  i n v a r i a b l y

c a r r i e d  o u t  by  a  p h o t o g r a p h i c  m ethod i n v o l v i n g  t h e  u s e  o f  mon o -
2 .

c h r o m a t i c  r a d i a t i o n .  The o r i g i n a l  Laue  m e thod ,  w h i l e  a f f o r d i n

i n f o r m a t i o n  a b o u t  c r y s t a l  symm etry ,  i n t r o d u c e s  d i f f i c u l t i e s  in

t h e . c a l i b r a t i o n  o f  a  ’w h i te*  X - r a d i a t i o n  f o r  i n t e n s i t y  e s t i m a t e s
4.

The B ra g g  i o n i s a t i o n  s p e c t r o m e t e r  i n v o l v i n g  t h e  i n d i v i d u a l  

m e a s u re m e n t  o f  r e f l e c t i o n s  i s  l a b o r i o u s  f o r  t h e  i n v e s t i g a t i o n  o f  

c o m p l i c a t e d  s t r u c t u r e s .  I t  d o e s ,  h o w e v e r ,  g i v e  a  v a l u e  o f  abso 

l u t e  i n t e n s i t y  a n d  m e a s u re m e n t s  on a  few c r y s t a l  p l a n e s  b y  t h i s  

m e th o d  can b e  u t i l i z e d  to  s e t  i n t e n s i t i e s  o b t a i n e d  b y  p h o t o g r a p h
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m e th o d s  on a n  a b s o l u t e  s c a l e .

In  s i n g l e  c r y s t a l  i n v e s t i g a t i o n s  some m o d i f i c a t i o n  o f  t h e  

S c h i e b o l d  a n d  P o l a n y i  m e th o d  i s  i n v a r i a b l y  u s e d .  N o rm a l ly  th e  

number o f  r e f l e c t i o n s  r e c o r d e d  i s  t o o  g r e a t  t o  p e r m i t  o f  unam­

b i g u o u s  i n d e x i n g ,  s i n c e  t h e  r o t a t i o n  p h o t o g r a p h  o n l y  g i v e s  t h e  

v a l u e  o f  2 s i n 0  and  one in d e x  h ,  k ,  o r  1  f o r  e a c h  r e f l e c t i o n .

I f  t h e  c r y s t a l  i s  o s c i l l a t e d  o v e r  a known s m a l l  a n g u l a r  d i s p l a c e ­

m ent  t h e n  t h e  a m b i g u i t i e s  i n  a s s i g n i n g  i n d i c e s  a r e  c o n s i d e r a b l y  

r e d u c e d .  By moving f i l m  m ethods  i n  w h ich  t h e  a n g u l a r  p o s i t i o n  

o f  t h e  c r y s t a l  a t  t h e  t i m e  o f  r e f l e c t i o n  i s  g i v e n  by a known 

f i l m  t r a n s l a t i o n  t h e  d i f f i c u l t i e s  o f  i n d e x i n g  a c c u r a t e l y  a r e

overcom e.  The m os t  commonly employed i s  t h a t  i n t r o d u c e d  by
1 4 .

\ 7 e i s s e n b e r g  b y  wh ich  t h e  r e f l e c t i o n s  frorn i n d i v i d u a l  l a y e r  l i n e

o f  a  r o t a t i o n  p h o t o g r a p h  a r e  r e c o r d e d  on a  f i l m  which  moves i n  a

d i r e c t i o n  p e r p e n d i c u l a r  to  t h e  c r y s t a l  a x i s  i n  s y n c h r o n i s a t i o n

w i t h  t h e  c r y s t a l  r o t a t i o n .

The i n t e n s i t i e s  o f  t h e  r e f l e c t i o n s  may b e  m e a s u re d  p h o t o -  
22 ,  23.

m e t r i c a l l y  o r  b y  means o f  a c c u r a t e  v i s u a l  c o m p a r i so n .  Bor
24.

t h i s  p u r p o s e  t h e  m u l t i p l e  f i l m  t e c h n i q u e  i s  u s e f u l  ' s i n c e  i t  

i s  t h e n  p o s s i b l e  to  make a  c r o s s  c o m p a r i so n  o f  a  known s e r i e s  o f  

i n t e n s i t y  s c a l e s .
25.

The F o u r i e r  s y n t h e s i s  can be  computed by  n u m e r i c a l  o r
26,  27 .

combined m e c h a n i c a l  and  n u m e r ic a l  m e t h o d s .  The g r a p h i c a l

r e p r e s e n t a t i o n  o f  t h e  s t r u c t u r e  i s  t h e n  o b t a i n e d  b y  p r e p a r i n g  a 

c o n t o u r  map o f  e l e c t r o n  d e n s i t y  f rom  t h e  summation t o t a l s .
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PART I

THE CRYSTAL. AND MOLECULAR STRUCTURE 

OP SOME ORGANIC POLYSULPHIDES 

I n t r o d u c t i o n

A l t h o u g h  t h e  o r g a n i c  p o l y s u l p h i d e s  h a v e  "been known f o r  

o v e r  f i f t y  y e a r s  t h e  m o l e c u l a r  s t r u c t u r e  h a s  r e m a in e d  an  u n s o lv e d

p r o b l e m .  T h i s  h a s  b e e n  due t o  t h e  c h e m ic a l  i n s t a b i l i t y  o f  th e se ;
i

compounds,  t h e  h i g h e r  p o l y s u l p h i d e s  r e a d i l y  decom pos ing  to  g iv e  | 

a  m i x t u r e  o f  f r e e  s u l p h u r  an d  t h e  mono- o r  d i s u l p h i d e .  In  p r e -  j 

v i o u s  s t r u c t u r a l  i n v e s t i g a t i o n s  b o t h  p a r a c h o r  and  v i s c o s i t y

m e a s u re m e n t s  w e re  u t i l i z e d .  From t h e  f o r m e r ,  B a r o n i  found  

s u p p o r t  f o r  t h e  i d e a  t h a t  t h e  a l i p h a t i c  t r i - , t e t r a -  and p e n t a -  

s u l p h i d e s  c o n t a i n  t h r e e  s u l p h u r  a toms i n  l i n e a r  a r r a n g e m e n t  w i t h  

t h e  a d d i t i o n a l  s u l p h u r  a toms s i d e - c o o r d i n a t e d  i n  t h e  c a s e  o f  t h e  

t e t r a -  and  p e n t a s u l p h i d e s

2 .
B e z z i  on  t h e  o t h e r  h a n d  o b t a i n e d  v i s c o s i t y  m e a su re m e n ts  w hich

i n d i c a t e d  t h a t  i n  t h e  mono-,  d i -  and  t e t r a s u l p h i d e s  w i t h  t h e  seme 

t e r m i n a l  a l i y l  g r o u p s  t h e  m o l e c u l a r  l e n g t h  i s  c o n s t a n t .  He

1 .

S
*

R - S - S - S - R

t r i s u l p h i d e s

R - S - S - S - R
J'
S

s
t

R - S - S - S - R R - S - S - S - R

or

t e t r a s u l p h i d e s

p e n t a s u l p h i d e s



c o n c l u d e d ,  t h e r e f o r e ,  t h a t  i n  t h e  p o l y s u l p h i d e s  we h a v e  a  marked 

t e n d e n c y  t o  s i d e - c o o r d i n a t i o n  and  f o r m u l a t e d  t h e  d i s u l p h i d e s  a s

R -  S -  R
>1
S

and  t h e  t e t r a s u l p h i d e s  a s

S S
t  t

R - S - R  o r  R - S - R
/ \

S — > S S — S

T hese  m e a s u re m e n t s  w e re  c a r r i e d  o u t  on l i q u i d  p o l y s u l p h i d e s  o f  

d o u b t f u l  p u r i t y  and  c o n s e q u e n t ^  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  

r e s u l t s  a r e  c o n t r a d i c t o r y , an d  h a v e  b e e n  q u o te d  w i t h  a  c o n s i d e r ­

a b l e  d.egree o f  r e s e r v e  i n  t h e  l i t e r a t u r e .

The o n l y  p r e v i o u s  X - r a y  work  i n  t h i s  f i e l d  h a s  b e e n  t h e  u n i t

c e l l  d e t e r m i n a t i o n  o f  d i p h e n y l  d i s u l p h i d e  by  E g a r t n e r  H a l l a  and
3.

S c h a c h e r l ,  D im e th y l  d i s u l p h i d e  h a s  b e e n  s t u d i e d  b y  e l e c t r o n
4 .

d i f f r a c t i o n  by  B ea ch  and  S t e v e n s o n  b u t  i n  t h e i r  work t h e  d i f f i ­

c u l t i e s  o f  d e a l i n g  w i t h  t h e  m o l e c u l e  o f  t h i s  d e g r e e  o f  c o m p le x i ty

a r e  w e l l  i l l u s t r a t e d .  Assuming t h e  P a u l in g -B ro c k w a y  C -  S s i n g l e
o

bond  r a d i u s  o f  1 .81A t h e y  c a l c u l a t e  f rom an  u n r e s o l v e d  maximum a t  
o1 .9 4 A ,  r e p r e s e n t i n g  t h e  mean o f  t h e  C - S and  S -  S i n t e r a c t i o n s ,  

t h a t  t h e  S -  S bond  l e n g t h  i s  a b o u t  2.05&. I t  was n o t  found- 

p o s s i b l e  t o  d i s t i n g u i s h  d i r e c t l y  b e tw e e n  t h e  s t r u c t u r e s  I  and  I I .

S
t

c h 3 . s  -  s . c h 3  c h 3 . s . c h 3

I .  I I .



The s t r u c t u r e  o f  s u lp h u r  i t s e l f  h a s  b e e n  s t u d i e d  i n  t h e
5 .

rh o m b ic  form b y  W arren  and B u r w e l l  by X - r a y  d i f f r a c t i o n  methods
6 .

and  i n  t h e  g a s e o u s  p h a s e  b y  Ch-ia-Si  Lu a n d  Donohue b y  e l e c t r o n  

d i f f r s , c t i o n  m e t h o d s .  In  b o t h  t h e s e  i n v e s t i g a t i o n s  i t  was found 

t h a t  t h e  Sq m o l e c u l e  c o n s i s t s  o f  an  e ig h t -m e m b e re d  r i n g .  In- 

rh o m b ic  s u l p h u r  W arren  and B u r w e l l  p o s t u l a t e  a  p u c k e r e d  form o f  

t h e  r i n g  a s  shown i n  B ig .  I .

F i g .  I



w i t h  an  a v e r a g e  S -  3 d i s t a n c e  o f  2 . 1 2 % ± 0 . 0 3 ^  and  an  S -  S - S

"bond a n g l e  o f  1 0 5 . 4 ° .  F o r  Sq v a p o u r  C h i a - S i  Lu and  Donohue h a v e  j

fo u n d  t h a t  t h e  r a d i a l  d i s t r i b u t i o n  c u r v e  i s  c o m p a t i b l e  w i t h  t h e  

p u c k e r e d  r i n g  form p o s t u l a t e d  by  W arren  and  B u r w e l l .  The bond  

l e n g t h s  and  bond a n g l e s  t h e y  fo u n d  t o  b e

S - S * 2 . 0 7  ± 0.02A and s  -  S - S = 105°  t  2° \

w i t h  r a t h e r  a  l a r g e  a m p l i t u d e  o f  t h e r m a l  v i b r a t i o n .
I

S t e v e n s o n  a n d  Beach i n  t h e i r  work  on d im e th y l  d i s u l p h i d e
7 *a c c e p t  t h e  P a u l i n g - H u g g i n s  v a l u e  o f  t h e  s i n g l e  bond S - S d i s -  

o
t a n c e  a s  2 .08A.  S in c e  t h e  s e m i - p o l a r  d i s t a n c e ,  S —> S i n

CH3 .S  - CH3  s h o u l d  be  a b o u t  t h e  d o u b le  bond v a l u e  o f  1.90& t h e y
*s

c o n c l u d e  t h a t  t h e  d i m e t h y l  d i s u l p h i d e  m o l e c u l e  i s  a  c h a i n  m o l e c u l e  

a n d  n o t  t h e  p y r a m i d a l  f o rm .  T h i s  c o n c l u s i o n  i s  f u r t h e r  s u b s t a n ­

t i a t e d  b y  t h e  f a c t  t h a t  t h e  u n r e s o l v e d  p e a k  on t h e  r a d i a l  d i s t r i ­

b u t i o n  c u r v e  r e p r e s e n t i n g  t h e  mean o f  t h e  C -  S an d  S -  S i n t e r ­

a c t i o n s  o c c u r s  a t  1 .94A .  I f  t h e  s e m i - p o l a r  S -  S bond i s  1 .90A 

a s  P a u l i n g  an d  H uggins  h a v e  d educed  one  would  e x p e c t  an  i n t e r a c t i o n  

a t  a b o u t  1.86.& an d  n o t  a t  t h e  o b s e r v e d  v a l u e  o f  1 .9 4 A .

T h i s  w h o le  q u e s t i o n  o f  bond  d i s t a n c e s  i n  c o n n e c t i o n  w i t h  

s u l p h u r  compounds i s  o f  some i m p o r t a n c e  a n d  w i l l  be  d e a l t  w i t h  

m o re  f u l l y  i n  t h e  d i s c u s s i o n  a t  t h e  end o f  t h i s  s e c t i o n .  At t h i s  

s t a g e  i t  w i l l  s u f f i c e  to  p o i n t  o u t  t h a t  t h e  o n l y  d i r e c t  m e a s u r e ­

m e n t s  o f  t h e  S - S c o v a l e n t  b o n d  l e n g t h  h a v e  b e e n  o b t a i n e d  by
5.

W arren  and  B u r w e l l  on rh o m b ic  s u l p h u r  i n  w h ich  t h e  v a l u e  g iv e n



was 2 . 1 2  t  0.Q2A and Z a c h a r i a s e n * s v a l u e  o f  2.15$. o b t a i n e d  i n  a 

s tu d y  o f  t h e  i n o r g a n i c  t r i t h i o n a t e s . S i n c e  Z a c h a r i a s e n *s work 

was c o m p le t e d  i n  t h e  e a r l y  days  o f  s t r u c t u r e  a n a ^ s i s  and  s i n c e  

W a r re n  and  B u r w e l l * s  r e s u l t s  a r e  o b t a i n e d  f rom 48 r e l a t i v e  i n t e n ­

s i t y  m e a s u re m e n t s  w hich  h a v e  n o t  b e e n  p u t  on a  num er ics , !  b a s i s  

i t  seemed d e s i r a / b l e  t h a t  i n  a d d i t i o n  t o  a  s tu d y  o f  m o l e c u l a r  

c o n f i g u r a t i o n  a n  e f f o r t  s h o u l d  b e  made to  o b t a i n  some r a t h e r  

m ore  a c c u r a t e  d a t a  on t h e  S -  S bond r a d i i  and t h e  S - S -  S 

b o n d  a n g l e  i n  t h i s  w ork .

In  c o n n e c t i o n  w i t h  c a r b o n - s u l p h u r  d i s t a n c e s  r a t h e r  more
9 .

i n f o r m a t i o n  i s  a v a i l a b l e .  Brockway a n d  J e n k i n s  i n  an  e l e c t r o n

d i f f r a c t i o n  s t u d y  o f  d i m e t h y l  d i s u l p h i d e  h a v e  d e t e r m i n e d  t h e
1 0 .

C -  S bond  l e n g t h  a s  1 , 8 2  t  0 .03A .  L i s t e r  and  S u t t o n  found

a  v a l u e  o f  1 . 9 0  ~ 0 . 0 3 / | f o r  t h e  C -  S d i s t a n c e  i n  d i m e t h y l  s u l -
11 .

phone  u s i n g  t h e  same t e c h n i q u e .  T o u s s a n t  i n  an  X - ra y  d i f f r a c ­

t i o n  s t u d y  o f  d i  p -b ro m o p h en y l  s u l p h i d e  r e p o r t e d  a C - S d i s t a n c e

o f  1 . 7 5  t  0 .04A  and  f rom a  s t u d y  o f f t - i s o p r e n e  s u l p h o n e ,  Cox and 
12.  . o

J e f f r e y  r e p o r t  a  l e n g t h  o f  1 .75A f o r  t h e  C -  S b o n d  w i t h i n  t h e

h e t e r o c y c l i c  r i n g  w i t h  a  t e t r a h e d r a l  d i s t r i b u t i o n  o f  t h e  f o u r

s u l p h u r  b o n d s .

M o l e c u l a r  c o n f i g u r a t i o n

The compound s t u d i e d  m o s t  f u l l y  i n  t h i s  i n v e s t i g a t i o n  was 

3 , 3 1- d i i o d o d i e t h y l  t r i s u l p h i d e .  Prom a  s t u d y  o f  e t h y l e n e  

c h l o r i d e ,  e t h y l e n e  c h l o r o b r o m i d e  and  e th y le n e l  b r o m id e  by  Beach



6.
1 3 .

and  T u r g e v i t c h  i t  was shown t h a t  t h e s e  m o l e c u l e s  e x i s t  i n  t h e  

v ap o u r  p h a s e  p r i m a r i l y  i n  t h e  t r a n s  fo rm  I .

X
/

c h 2  -  c h 2  c h 2  -  c h 2

/  /  \
X X X

I .  I I .  I

No e v i d e n c e  was fo u n d  f o r  t h e  p r e s e n c e  o f  a  f r a c t i o n  i n  t h e  c i s

fo rm  I I .  I f  <^be t a k e n  a s  t h e  a n g l e  b e tw e e n  t h e  two h a l v e s  o f  I
i

t h e  m o l e c u l e  i t  was  f o u n d  t h a t  a p p r o x i m a t e l y  50,% o f  t h e  m o l e c u l e s  !
0  n 0 „ ' !a t  300 K h a d  a  v a l u e  o f  (P o f  180 a n d  t h a t  l e s s  t h a n  5% h a d  a

0  ! v a l u e  o f  ^  b e lo w  90 . I t  t h u s  seemed r e a s o n a b l e  to  a ssum e a s  a

f i r s t  a p p r o x i m a t i o n  t h a t  t h e  (3 , (3 ’ - d i i o  do d i e t h y l  t r i s u l p h i d e  s t r u c ­

t u r e  h a d  a  p r e d o m i n a n t l y  t r a n s  p l a n a r  c o n f i g u r a t i o n  o f  t h e

I
\

c h 2  -  c h 2

\  ! s -
g r o u p s  i n  t h e  m o l e c u l e .  F o r t u n a t e l j r  t h e  s t r u c t u r a l  d e t e r m i n a t i o n  

was c a r r i e d  o u t  b y  a  m e thod  w h ich  d i d  n o t  i n  i t s  u l t i m a t e  s t a g e s  

p r e - s u p p o s e  a n y  d a t a  r e g a r d i n g  t h e  c o n f i g u r a t i o n  o f  t h e  

I .CH2 .CH2 .S  g r o u p s  a n d  i n  t h e  d i s c u s s i o n  d a  p a g e  ;1|?' t h e

p o s s i b i l i t y  o f  c o n s i d e r a b l e  d e p a r t u r e  f rom  t h e  t r a n s  p l a n a r  

o r i e n t a t i o n  o f  t h i s  g ro u p  i n  {3, 0 ! - d i i o d o d i e t h y l - t r i s u l p h i d e  i n  

t h e  s o l i d  s t a t e  w i l l  b e  examined m o re  f u l l y .

In  t h e  p r e l i m i n a r y  work  on t h e  s t r u c t u r e  o f  t h e  o r g a n i c  

p o l y s u l p h i d e s  a  s u r v e y  o f  t h e  u n i t  c e l l  and s p a c e  g ro u p  d a t a  was
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made f o r  s e v e r a l  compounds.  T h i s  made’ i t  p o s s i b l e  to  s e l e c t  

f o r  more  d e t a i l e d  e x a m i n a t i o n  t h o s e  compounds,  w h i c h ,  i n  t h e  

c r y s t a l l i n e  s t a t e ,  showed m o l e c u l a r  sym m etry .  The p o s s e s s i o n  

o f  t h i s  symmetry l i m i t s  t h e  p o s s i b l e  s t r u c t u r a l  t y p e s ,  and s im­

p l i f i e s  t h e  s u b s e q u e n t  c a l c u l a t i o n s .  Of t h e  f o u r  compounds 

e x a m in e d ,  a  t w o - f o l d  a x i s  o f  symmetry h a s  b e e n  e s t a b l i s h e d  in  

two a n d  i t  h a s  p r o v e d  p o s s i b l e  t o  c a r r y  t h e  s t r u c t u r e  a n a l y s i s  

t o  c o m p l e t i o n  i n  t h e  c a s e  o f  one o f  t h e s e ,  (3,(3’ d i i o d o d i e t h y l  

t r i s u l p h i d e .  The s p a c e  g r o u p  m e a s u r e m e n t s  and t h e  p r e l i m i n a r y  

d a t a  a r e  g i v e n  f o r  t h e  t h r e e  compounds d i p h e n y l - d i s u l p h i d e , 

d i - p - t o l y l - d i s u l p h i d e  an d  (3, 3 ’ - d i c h l o r o d i  e t h y l - t r i s u l p h i d e  f o l ­

lo w e d  b y  t h e  d e t a i l e d  a n a l y s i s  o f  t h e  0, (3f - d i i o d o d i e t h y l - t r i s u l -  

p h i d e  s t r u c t u r e .

RESULTS

D i p h e n y l - d i s u l p h i d e ,  C-joH^nSc.

C r y s t a l  D a ta  - M, 218,5.;  m . p .  59° ;  d ,  c a l c .  1 . 3 3 6 ,  f o u n d  1 . 3 3 8 ;  

o r t h o r h o m b i e  h e m i h e d r a l , a  = 8 . 1 1  ± 0 . 0 2 ,  b * 23 .6 7  - 0 . 0 3 ,  C « 

5 ,6 1  -  0 .0 2 A .  A b s e n t  s p e c t r a ,  (hOO) when h  i s  odd ,  (OkO) when 

k i s  o d d ,  (OOlJ when 1_ i s  o d d .  Space  g r o u p ,  D^ -  92 ^2 ^2 ^ .

F o u r  m o l e c u l e s  p e r  u n i t  c e l l .  M o l e c u l a r  symmetry ,  none  r e q u i r e d
3

Volume o f  t h e  u n i t  c e l l ,  1077A . A b s o r p t i o n  c o e f f i c i e n t  f o r

X-rays(A = 1 . 5 4 ,  A'j = 4 0 .7  p e r  cm. T o t a l  number o f  e l e c t r o n s  p e r

u n i t  c e l l  = F (0 0 0 )  -  456 .

Good c r y s t a l s  i n  t h e  form o f  l o n g  n e e d l e s  o r  l a t h s ,  w i t h
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p r o m i n e n t  .dev e lo p m e n t  o f  t h e  (1 1 0 ) f a c e s  a r e  e a s i l y  o b t a i n e d  by

c r y s t a l l i s a t i o n  f rom a l c o h o l .  P r e v i o u s  c r y s t a l l o g r a p h i c  s t u d i e s
1 4 .

a r e  r e c o r d e d  b y  G ro th  and  more r e c e n t l y  a n  X - r a y  i n v e s t i g a t i o n
5 .

h a s  b e e n  made b y  E g a r t n e r ,  Halle ,  a n d  S c h a c h e r l  whose d e t e r m i n a ­

t i o n  o f  t h e  u n i t  c e l l  a n d  s p a c e  g r o u p  a r e  i n  good  a g r e e m e n t  w i t h  

t h e  v a l u e s  r e p o r t e d  a b o v e .

Ho c l u e  to  t h e  m o l e c u l a r  s t r u c t u r e  i s  p r o v i d e d  b y  t h e  s p a c e  

g ro u p  d a t a .

D i - p - t o l y l - d i s u l p h i d e  4 Hq_4 S2 .

C r y s t a l  D a ta  -  M, 2 4 6 . 4 ;  rn .p .  4 6 ° ;  d , c a l c .  1 . 2 4 0 ,  fo u n d  1 . 2 4 6 ;

m o n o c l i n i c  h e m i h e d r a l , a  * 7 .7 2  *  0 . 0 2 ,  b * 5 , 7 6  -  0 . 0 2 ;  c =

1 4 .8 1  - Q.03A,^3 = 9 5 . 4 °  -  0 . 2 ° .  A b s e n t  s p e c t r a ,  (OkO) when k
2 2i s  o d d .  S p a ce  g r o u p ,  C2 -  P22  o r  C2h -  Two m o l e c u l e s

p e r  u n i t  c e l l .  M o l e c u l a r  symmetry ,  none r e q u i r e d  i n  P 2 ^ , c e n t r e  

i n  P2;j_/m, Volume o f  t h e  u n i t  c e l l  = 656A . A b s o r p t i o n  c o e f f i ­

c i e n t  f o r  X - r a y s  = 1 .5 4 A  = 34 .1  p e r  cm. T o t a l  number o f

e l e c t r o n s  p e r  u n i t  c e l l  * P ( 0 0 0 ) » 260 .

Well fo rm e d  n e e d l e  sh a p e d  c r y s t a l s ,  w i t h  (001)  p r e d o m i n a n t l y  

d e v e l o p e d ,  an d  (100)  a n d  ( O i l )  a l s o  p r e s e n t ,  a r e  r e a d i l y  o b t a i n e d  

f rom  a l c o h o l .  A s l i g h t  p o s i t i v e  p y r o - e l e c t r i c  e f f e c t  was n o t e d ,  

i n d i c a t i n g  t h e  s p a c e  g r o u p  o f  l o w e r  symmetry ,  P 2 -]_ a s  i n  t h e  c a s e  

o f  d i p h e n y l - d i s u l p h i d e ,  n e i t h e r  c e l l  d i m e n s i o n s  n o r  symmetry 

p r o v i d e  a n y  o b v io u s  c l u e  t o  t h e  m o l e c u l a r  a r r a n g e m e n t .  A P a t t e r ­

son s y n t h e s i s  f rom t h e  (h 0 2 j  zone  o f  r e f l e c t i o n s  was p r e p a r e d .

In  t h e  summation  142 r e f l e c t i o n s  w e re  u t i l i z e d .



Q 
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The P a t t e r s o n  map o b t a i n e d  i s  shown i n  P i g .  I I .  Prom t h i s  

map i t  a p p e a r s  t h a t  t h e  l o n g  a x i s  o f  t h e  m o l e c u l e s  l i e  a p p r o x i ­

m a t e l y  p a r a l l e l  t o  t h e  (0 1 0 ) p l a n e  and  t h a t  t h e i r  d i s t a n c e  a p a r t  

i n  p r o j e c t i o n s  a l o n g  t h e  b a x i s  i s  a b o u t  4A. The c o m p l e x i t y  

o f  t h e  s t r u c t u r e  made i t  i m p o s s i b l e  t o  r e c o g n i s e  p e a k s  due to 

t h e  i n t e r a c t i o n  o f  b onded  a t o m s .

______________ J
P i g .  I I  . P a t t e r s o n  map (h03 j  zo n e  o f  d i - p - t o l y l - d i s u l p h i d e . 

T roughs  i n  b r o k e n  c o n t o u r .  P e a k s  m arked  A, B ,  C, P.

S e v e r a l  m o d e l s  o f  t h e  t r a n s  s t r u c t u r e

CH3"0 ~  s ~ " s — C 3 — c H s



w e re  u t i l i z e d  f o r  t r i a l  and  e r r o r  c a l c u l a t i o n s  b u t  t h e  a g re e m e n t  

o b t a i n e d  w i t h  t h i s  w as  n e v e r  g r e a t e r  t h a n  42$ .  

m -  - d i  c h l o r o  d i  e t h y l - 1  r i s u l p h i d e

C r y s t a l  D a t a  -  M, 2 2 3 . 2  m .p .  -270 ; d c a l c . 1 . 4 9 1 ; f o u n d  1 . 4 9 4 ;  

o r t h o  r h o m b ic ,  a = 5 . 4 7  + 0 . 0 3 ,  b = 8 . 0 1  + 0 . 0 3 ,  c = 2 2 . 5  + 0 .0 4 A .  

A b s e n t  s p e c t r a ,  (h00)  when h i s  o d d ,  (001_) e x c e p t  when 1 = 4n.

No d a t a  o b t a i n e d  f o r  (Qkl)  , (OkO) o r  (h k O ) .  S p ace  g r o u p ,  p o s s i ­

b l y  -  P 2 1 2 1 2 l . F o u r  m o l e c u l e s  p e r  u n i t  cell* .  M o l e c u l a r  

symm etry ,  none  r e q u i r e d  f rom  s p a c e  g roup  c o n s i d e r a t i o n s  b u t  t h e  

q u a r t e r i n g  o f  (0Q]J i n d i c a t e s  a t w o - f o l d  a x i s .  Volume o f  t h e  

u n i t  c e l l ,  998A3. T o t a l  number  o f  e l e c t r o n s  p e r  u n i t  c e l l  

= F (0 0 0 )  = 456 .

U n f o r t u n a t e l y  t h i s  compound c a n  o n l y  be  c r y s t a l l i s e d  w i t h  

g r e a t  d i f f i c u l t y  and  t h e  h i g h  v o l a t i l i t y  o f  t h e  few s i n g l e  c r y s t a l s  

o b t a i n e d  do n o t  p e r m i t  o f  a c o m p l e t e  a n a l y s i s .  The  c e l l  d imen­

s i o n s  show some r e s e m b l a n c e  t o  t h o s e  o f  t h e  d i i o d o -c o m p o u n d ,  and  

t h e  a p p a r e n t  q u a r t e r i n g , o f  t h e  ( 0 Q]J s e r i e s  o f  r e f l e c t i o n s  i s  s i g ­

n i f i c a n t  .

- d i i o  d o - d i  e t h y l - t r i  s u l p h i d e  CAflflS-,I

C r y s t a l  D a ta  -  M, 4 0 6 . 1 ;  m .p .  1 1 0 ° ;  &, c a l c .  2 . 5 2 1 ,  f o u n d  2 . 4 7 8 ;  

t e t r a g o n a l  t r a p e z o h e d r a l ,  a = b = 6 . 0 1  + 0 . 0 2 ,  c = 2 9 .4 0  + 0 .0 4 A .  

A_bsent s p e c t r a  (hOO) when h  i s  o d d ,  (OkO) when k  i s  o d d ,  (003.) 

e x c e p t  when .1 = 4 n .  S p a ce  g roup  Dj  -  P 4 12 1 ( o r  D® -  P 4 32;, .

F o u r  m o l e c u l e s  p e r  u n i t  c e l l .  M o l e c u l a r  symmetry ,  t w o - f o l d  a x i s
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%

p e r p e n d i c u l a r  t o  ( 1 1 0 ) .  Volume o f  t h e  u n i t  c e l l ,  1162A . Ab­

s o r p t i o n  c o e f f i c i e n t  f o r  X - r a y s ,  (A. = 1 .54A ) = 5 5 1 .2  p e r  cm.

T o t a l  number  o f  e l e c t r o n s  p e r  u n i t  c e l l  -  F ( 0 0 0 )  « 744 .

T h in  f l a t  p l a t e s  a r e  r e a d i l y  o b t a i n e d  f rom  a l c o h o l - b e n z e n e  

m i x t u r e s ,  w i t h  (001)  p r o m i n e n t l y  d e v e l o p e d .  ( O i l )  and  (101)  a r e  

a l s o  d i s p l a y e d .  A d i s t i n c t  t e n d e n c y  f o r  c l e a v a g e  p a r a l l e l  to  

(1 0 0 ) was n o t e d .

Fo r  t h e  (3,(3'- d i i o  do d i e t h y l  t r i s u l p h i d e  m o l e c u l e  t h e  a l t e r n a ­

t i v e  s t r u c t u r e s  p o s s i b l e  a r e

I .  I .CH 2 .CH2 . S .S .S .C H 2 .CH2 . I .

i i .  i . c h 2 . c h 2 . s . c h 2 . c h 2 . i . 

s / \

I I I .  i . c h 2 . c h 2 . s . c h 2 . c h 2 . i .

IV.  i . c h 2 . c h 2 . s . s . c h 2 . c h 2 . i .

t
S t r u c t u r e  IV i s  d e f i n i t e l y  e x c l u d e d ,  s i n c e  f rom  t h e  s p a c e  g ro u p  

d a t a  i t  i s  s e e n  t h a t  t h e  m o l e c u l e  p o s s e s s e s  a n  e x a c t  t w o - f o l d  

a x i s  o f  sym m etry .

The v e r y  l o n g  £  a x i s  a n d  r e l a t i v e l y  s m a l l  c r o s s - s e c t i o n  a s  

w e l l  a s  t h e  p r o n o u n c e d  c l e a v a g e  p a r a l l e l  to  (1 0 0 ) s u g g e s t s  r o d -V
sh ap ed  m o l e c u l e s  a r r a n g e d  a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  £  a x i s .  

T h i s  i s  i n  f a v o u r  o f  a n  e x t e n d e d  z i g - z a g  c h a i n  s t r u c t u r e ,  a l t h o u g h  

a l t e r n a t i v e s  I I  an d  I I I  a r e  n o t  d e f i n i t e l y  e x c l u d e d .

I n  t h i s  s t r u c t u r e  t h e  c o n t r i b u t i o n  o f  t h e  i o d i n e  a to m s  to  t h e
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X - r a y  i n t e n s i t i e s  i s  g r e a t l y  i n  e x c e s s  o f  t h a t  o f  a l l  t h e  o t h e r

a to m s  com bined .  The d i s t r i b u t i o n  o f  s c a t t e r i n g  power i n  t h e

m o l e c u l e  C4 H8 S3 I 2  f rom t h e  sum o f  t h e  a t o m i c  n u m b e r s ,  i s  57£ f o r

i o d i n e ,  26%, f o r  s u l p h u r  and  o n l y  1 3 % f o r  c a r b o n .  The s i t u a t i o n

i s  c l e a r l y  n o t  such  a  f a v o u r a b l e  one f o r  t h e  a p p l i c a t i o n  o f  t h e

h e a v y  atom m e th o d  i n  r e s o l v i n g  c a r b o n  p o s i t i o n s  a s  i n  t h e  c a s e
1 5 .  1 6 .

o f  p h t h a l o c y a n i n e  o r  c h o l e s t e r o l  i o d i d e .  The a b s o r p t i o n

c o e f f i c i e n t  f o r  c o p p e r  r a d i a , t i o n  o f  5 5 l / c m .  made c o n s i d e r a b l e

c a r e  n e c e s s a r y  i n  t h e  s e l e c t i o n  an d  c u t t i n g  o f  c r y s t a l  s e c t i o n s

o f  u n i f o r m  c r o s s  a r e a  f o r  e x p e r i m e n t a l  w ork .  B e c a u s e  o f  t h e s e

f a c t o r s  t h e  f i n a l  F o u r i e r  p r o j e c t i o n  o b t a i n e d  i n  t h i s  a n a l y s i s

( B ' i g . m )  f a i l s  to  g i v e  r e s o l u t i o n  o f  t h e  c a rb o n  a to m s  a l t h o u g h

t h e i r  p o s i t i o n s  may b e  i n f e r r e d  w i t h  r e a s o n a b l e  c e r t a i n t y  f rom

t h e  p o s i t i o n s  o f  o t h e r  a t o m s .

G e o m e t r i c a l  S t r u c t u r e  F a c t o r s
1 7 .

The s t r u c t u r e  f a c t o r s  g i v e n  b y  L o n s d a l e  f o r  s p a c e  g roup

P4i2p  a r e  e v a l u a t e d  f o r  an  o r i g i n  t a k e n  a t  t h e  i n t e r s e c t i o n  o f  
t h e

one o f / t w o - f o l d  r o t a t i o n  a x e s  o f  symmetry w i t h  a  t w o - f o l d  sc rew  

a x i s  p a r a l l e l  to  £ .  F o r  p r o j e c t i o n s  a l o n g  t h e  £  a x i s  t h i s  w i l l  

g i v e  a n  o r i g i n  a t  a n  a p p a r e n t  c e n t r e  o f  sym m etry .  I n  t h e  

p r e s e n t  c a s e ,  h o w e v e r ,  t h e  o n l y  u s e f u l  p r o j e c t i o n  o f  t h e  s t r u c ­

t u r e  i s  o b t a i n e d  a l o n g  t h e  b a x i s  and  i t  i s  c o n v e n i e n t  to  cho o se  

an  o r i g i n  a t  an  a p p a r e n t  c e n t r e  o f  symmetry i n  t h i s  p r o j e c t i o n .  

Such a  p o i n t  i s  o b t a i n e d  on a  t w o - f o l d  s c re w  a x i s  p a r a l l e l  t o
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b and  i s  c o n v e n i e n t l y  ch o s e n  a t  ( - a ,  - b ) w i t h  r e s p e c t  to  t h e
4 4

t e t r a g o n a l  sc rew  a x i s .  T h i s  new o r i g i n  i s  employed  i n  t h e  p r e ­

s e n t  a n a l y s i s  a n d  i t  i s  s i t u a t e d  a t  ( a ,  3b ,  c)  w i t h  r e s p e c t  to
4 4 8

t h e  o r i g i n  a d o p t e d  i n  t h e  I n t e r n a t i o n a l  T a b l e s .  The t h e o r e t i c a l  

d e d u c t i o n  o f  t h e  m o d i f i e d  s t r u c t u r e  f a c r o r s  f o r  s p a c e  g ro u p  

P 4 p 2 2  i s  g i v e n  i n  t h e  i n t r o d u c t o r y  s e c t i o n  ( p . 1 6 ) .

A n a l y s i s  o f  S t r u c t u r e

A l t h o u g h  a n  a p p r o a c h  b y  t h e  m e th o d s  o f  P a t t e r s o n  a n a l y s i s  

was p o s s i b l e  i n  t h i s  s t r u c t u r e  t h e  amount o f  e v i d e n c e  a v a i l a b l e  

f rom  c e l l  d i m e n s i o n s ,  c l e a v a g e ,  a n d  a n  e x a m i n a t i o n  o f  t h e  d i s ­

t r i b u t i o n  of. s t r o n g  r e f l e c t i o n s  i n  t h e  (hQlJ s e r i e s  f a c i l i t a t e d  

t h e  u t i l i z a t i o n  o f  t r i a l  a n d  e r r o r  m e t h o d s .  L a r g e  s t r u c t u r e  

f a c t o r s  w ere  o b s e r v e d  f o r  t h e  ( 0 0 8 ) ,  (106 ) ,  ( 1 0 1 4 ) ,  (304)  and 

(30£4)  r e f l e c t i o n s  a n d  when t r a c e s  o f  t h e s e  p l a n e s  a r e  drawn on 

t h e  a <3 p r o j e c t i o n  i t  becomes p o s s i b l e  to  d e f i n e  t h e  p r o b a b l e  

p o s i t i o n s  o f  t h e  i o d i n e  a t o m s .  On t h i s  b a s i s  v a r i o u s  t r i a l  

m o d e l s  w e r e  s e t  up an d  a t o m i c  p o s i t i o n s  f o u n d  w h ich  g a v e  a  s a t i s ­

f a c t o r y  a c c o u n t  o f  a l l  t h e  s t r o n g e r  r e f l e c t i o n s .

Prom t h i s  p o i n t  t h e  w o rk  p r o c e e d e d  b y  d o u b l e  P o u r i e r  s e r i e s  

m e t h o d s ,  u t i l i z i n g  t h e  (hOlJ  s t r u c t u r e  f a c t o r s .  The p r o j e c t i o n  

f i r s t  o b t a i n e d  gav e  c l e a r  r e s o l u t i o n  o f  t h e  i o d i n e  p o s i t i o n s  b u t  

i n  i t  t h e  s u l p h u r  c o o r d i n a t e s  w ere  r a t h e r  d u b i o u s .  However ,  

b y  means o f  t h e  m ore  a c c u r a t e  i o d i n e  c o o r d i n a t e s  o b t a i n e d  f rom 

t h e  f i r s t  p r o j e c t i o n  i t  was p o s s i b l e  t o  a s s i g n  c o r r e c t  p h a s e s  to
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a  f u r t h e r  s e r i e s  o f  r e f l e c t i o n s  w h ich  h a d  b e e n  o m i t t e d  f rom t h e  

f i r s t  summation b e c a u s e  o f  p h a s e  a m b i g u i t i e s .  The f i n a l  s e r i e s  

s e t  up i n c l u d e d  78 t e r m s  f rom  a  p o s s i b l e  135 up to  t h e  l i m i t  

2 s in .  0 -  1 . 6 .  P i l m s  t a k e n  w i t h  e x p o s u r e s  a t  2 5 nd../34KV d i d  

n o t  show e v i d e n c e  o f  any  o f  t h e  m i s s i n g  r e f l e c t i o n s  b e y o n d  t h i s  

r e g i o n ;  i . e .  up t o  t h e  l i m i t  o f  Cu r a d i a t i o n  a t  2 s i n  8  * 2 . 0 0 .

The r e s u l t s  o f  t h e  P o u r i e r  s y n t h e s i s  a r e  g i v e n  i n  P i g .  I .  

T h i s  p r o j e c t i o n  drawn on t h e  (010)  p l a n e  c o v e r s  one c o m p le te  

u n i t  c e l l . ,  and  i n c l u d e s  f o u r  m o l e c u l e s .  The l i n e  d ia g ram  

( u p p e r  p o r t i o n  o f  P i g .  I )  i n d i c a t e s  t h e  m o l e c u l a r  a r r a n g e m e n t ,  

and  h e r e  p r o b a b l e  p o s i t i o n s  f o r  t h e  c a r b o n  a toms a r e  shown, 

a l t h o u g h  no d i r e c t  e v i d e n c e  f o r  t h e s e  p o s i t i o n s  can  b e  o b t a i n e d  

f rom  t h e  e l e c t r o n  d e n s i t y  c o n t o u r s .

C o o r d i n a t e s  a n d  D im ens ions

The p r o j e c t i o n  o f  t h e  s t r u c t u r e  shown i n  P i g . I I I .  a l l o w s

t h e  c o o r d i n a t e s  o f  t h e  i o d i n e  an d  s u l p h u r  a tom s t o  be  d e t e r m i n e d ,

t h e  t e t r a g o n a l  symmetry m a k in g  p o s s i b l e  t h e  d i r e c t  m easu rem en t

o f  a l l  t h r e e  c o o r d i n a t e s  o f  each  a tom .  T a b le  I  l i s t s  c o o r d i -
*

n a t e s  f o r  t h e  a to m s  i n  t h e  a s y m m e t r i c  c r y s t a l  u n i t  w h ich  i s  one 

h a l f  o f  t h e  c h e m i c a l  m o l e c u l e  o r  one e i g h t h  o f  t h e  t o t a l  c o n t e n t  

o f  t h e  u n i t  c e l l .  The c o o r d i n a t e s  o f  t h e  r e m a i n i n g  a tom s  f o l l o w  

f rom  t h e  symmetry o p e r a t i o n s  o f  t h e  s p a c e  g roup  P4 ^ 2 ^ (p .  17 

o f  t h e  t h e o r e t i c a l  i n t r o d u c t i o n ) .

/ T a b l e  I
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•M -

•or

•tjuCO

F i g . I l l - P r o j e c t i o n  a l o n g  t h e  h  a x i s  on  t o  t h e  (010)  p l a n e  

show ing  . four  m o l e c u l e s  o f  B 9 8 ‘ - d i i o  do d i e t h y l  t r i s u l p h i d e .

C o n t o u r  l i n e s  f o r  t h e  i o d i n e  a toms a r e  drawn a t  density i n t e r v a l s  

o f  10 e l e c t r o n s  / A 2 , and  f o r  s u l p h u r  a t  4 e l e c t r o n s  / A 2 .
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T a b l e  I

C o o r d i n a t e s  w i t h  r e s p e c t  t o  t e t r a g o n a l  c r y s t a l  a x e s . O r i g i n

on 2 ^ a x i s p a r a l l e l t o  b ,  a t ( - a ,  - b )
4 4

f rom  4-j_ a x i s .

xA 277X
a

yA SgX
a

zA 2rrz
c

I  - 0 .6 9 4 : - 4 1 . 7 0 1 . 5 0 0 90° - 1 .5 3 1 - 1 8 . 7 °

S2  - 1 . 9 6 - 1 1 7 . 5 ° 1 . 8 1 1 0 8 . 5 ° 1 . 9 8 2 4 . 2

S2  - 2 . 6 8 - 1 6 0 . 7 ° 2 . 6 8 1 6 0 . 7 ° 3 .6 7 5 45°

No c l e a r l y d e f i n e d c a r b o n  p e a k s  o c c u r i n  t h e  F o u r i e r  p r o j e c t i o n

and i n  t h e c a l c u l a t i o n  o f  t h e c a r b o n c o o r d i n a t e s t h e  a c c e p t e d

s i n g l e  b o n d  l e n g t h s  an d  bond  a n g l e s  f o r  t h e  a to m s  i n  q u e s t i o n  

w e re  u s e d  ( T a b le  I I ) ,

T a b le  I I

A c c e n te d  v a l u e s  f o r  b o n d  l e n g t h s  a n d  v a l

P a r a m e t e r rA P a r a m e t e r A
4.

C -  C 1 . 5 4
1 8 .

L'C CS 1 1 2 °
4 .

C -  S 1 . 8 2
1 8 .

L  SSC 109°
8 .

C - I 2 . 1 0 LCCI 109

From t h e s e  v a l u e s  we can  d ed u c e  c e r t a i n  f e a t u r e s  o f  t h e  

s t r u c t u r e .  I n  p a r t i c u l a r ,  t h e  m e a s u re d  d i s t a n c e  b e t w e e n - t h e  

s u l p h u r  a tom S, a n d  t h e  i o d i n e  a tom i n  t h e  c h a i n  i s  o n l y  3.74A. 

Assum ing  norm al  s i n g l e  bond  v a l u e s ,  a  t r a n s  p l a n a r  c o n f i g u r a t i o n

f o r  t h e  g roup  S v ^  v .
S ^  1  N  C J' I
2 2
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T h i s  g i v e s  a c l e a r a n c e  o f  3 .68A b e tw e e n  c a r b o n  atom C2  and  t h e  

i o d i n e  a tom  on t h e  n e i g h b o u r i n g  m o l e c u l e  a t  - x ,  i  + y ,  - z .

On t h i s  b a s i s  t h e  p r i n c i p a l  d i m e n s i o n s  o f  t h e  m o l e c u l e  a r e  

sum m ar ised  i n  T a b le  IV.

T a b le  IV

D im e n s io n s  o f  t h e  8  . 8  *- d i i o d o d i e t h y l  t r i s u l p h i d e  m o l e c u l e .

Bond L e n g t h s  Bond A n g l e s

S -  S = 2 . 0 4  t  0 .04A SSS = 1 1 3 °  t  2°

C -  S = 1 .79A  SSC = 120°

C -  C = 1 .54A (assum ed)  SCO ■ 96°

C -  I  = 2 .05A CCI = 100°

The s h a p e  o f  t h e  m o l e c u l e  i s  i n t e r e s t i n g .  I t  d o e s ,  o f .  

c o u r s e ,  p o s s e s s  an  e x a c t  t w o - f o l d  a x i s  o f  symmetry  i n  a c c o r d a n c e  

w i t h  s p a c e  g ro u p  r e q u i r e m e n t s .  T h i s  a x i s  i s  p e r p e n d i c u l a r  to  

t h e  (1 1 0 ) c r y s t a l  p l a n e  an d  i t  p a s s e s  t h r o u g h  t h e  c e n t r a l  s u l p h u r  

a to m ,  S2 . Two v iew s  o f  t h e  m o l e c u l e  a r e  shown i n  F i g .  I I ,  r e ­

p r e s e n t i n g  p r o j e c t i o n s  a l o n g  t h e  symmetry  a x i s  a n d  a t  r i g h t  a n g l e s  

t o  t h e  symmetry  a x i s .  The c h a i n  i s  a l m o s t  f u l l y  e x t e n d e d  b u t  t h e  

a tom s  do n o t  a l l  l i e  i n  one p l a n e .  I n  f a c t ,  t h e  p l a n e  o f  t h e  

c e n t r a l  s u l p h u r  z i g - z a g  i s  n e a r l y  a t  r i g h t  a n g l e s  to  t h e  p l a n e  o f  

t h e  c a r b o n  i o d i n e  z i g - z a g .

A i g -  i y
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too)

0 )

Fig. iy

a )  P r o j e c t i o n  o f  t h e  m o l e c u l e  a l o n g  t h e  a x i s  o f  symmetry .

"b) P r o j e c t i o n  o f  t h e  m o l e c u l e s  i n  a  d i r e c t i o n  a t  r i g h t  a n g l e s  

to  t h a t  o f  ( a ) .
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S t a r t i n g  f rom *a  t r a n s  p l a n a r  c o n f i g u r a t i o n ,  t h e  p r e s e n t  model may 

be  d e r i v e d  by  m ak ing  a  v e r y  s m a l l  r o t a t i o n  a b o u t  t h e  S]_Sg b o n d ,  

a  l a r g e r  r o t a t i o n  a b o u t  t h e  C2 Sp b o n d ,  an d  f i n a l l y  a  r o t a t i o n  o f  

85° a b o u t  t h e  C^Cg b o n d .

I n t e r m o l e c u l a r  D i s t a n c e s

The m e a s u re d  i n t e r m o l e c u l a r  d i s t a n c e s  a r e  shown i n  P i g .  V " . 

The m o l e c u l e s  a r e  so p a c k e d  t h a t  t h e  i o d i n e - i o d i n e  a p p r o a c h  i s  

n e v e r  l e s s  t h a n  4 .4 4 A .  The s h o r t e s t  i o d i n e - s u l p h u r  i n t e r m o l e -  

c u l a r  d i s t a n c e  i s  3 .80A ,  t h i s  b e i n g  t h e  d i s t a n c e  f rom  a n  i o d i n e  

a tom t o  a  t e r m i n a l  s u l p h u r  a to m  o f  t h e  S -  S -  S c h a i n  i n  t h e  

a d j a c e n t  m o l e c u l e .  The d i s t a n c e  f rom  i o d i n e  t o  t h e  c e n t r a l  

s u l p h u r  a tom i n  t h e  c h a i n  i s  3 .85A .

/ P i g .  ISf
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I n t e r m o l  e c u l a r  d i s t a n c e s  i n  t h e  (3 ,(3’ - d i i o  do d i e t h y l  t r i '  

s u l p h i d e  s t r u c t u r e .



D i s c u s s i o n

The s u l p h u r - s u l p h u r  b o n d  l e n g t h  f o u n d  i s  s h o r t e r  t h a n  t h a t
5 *

r e p o r t e d  f o r  o r t h o - r h o m b i c  s u l p h u r  b y  W arren  and  B u r w e l l ,  o r  by
6 .

t h e  e l e c t r o n  d i f f r a c t i o n  s t u d y  o f  s u l p h u r  v a p o u r .  T h ese  i n v e s ­

t i g a t i o n s  f a v o u r  t h e  h i g h e r  v a l u e  o f  2 .1 2 A .  The v a l u e  o f  2.04A
4.

h a s ,  h o w ev er ,  b e e n  r e p o r t e d  f o r  d i m e t h y l  d i s u l p h i d e .  We t h u s

h a v e  b o t h  X - r a y  and  e l e c t r o n  d i f f r a c t i o n  e v i d e n c e  c o n f i r m i n g  a

d e c r e a s e  i n  b o n d  l e n g t h  o f  a b o u t  0 .08A  i n  t h e  p o l y  s u l p h i d e s  a s

compared  w i t h  s u l p h u r  i t s e l f .

In  t h e  p r e s e n t  s t r u c t u r e  t h e  S -  S -  S bond  a n g l e  o f  a b o u t

11 3 °  i s  somewhat  l a r g e r  t h a n  t h e  v a l u e s  p r e v i o u s l y  r e p o r t e d  w h ic h

v a r y  f rom  1 0 0 ° t o  1 0 6 ° .

The i n t e r m o l e c u l a r  d i s t a n c e s  f o u n d  a r e  i n  good  a g re e m e n t  w i t h

t h o s e  p r e v i o u s l y  r e p o r t e d  f o r  s u l p h u r  an d  i o d i n e .  The o b s e r v e d

i o d i n e  van  d e r  Waals  r a d i u s  o f  2 .22A ,  when s u b t r a c t e d  f rom t h e

s u l p h u r - i o d i n e  a p p r o a c h  g i v e s  a  van  d e r  Waals  r a d i u s  f o r  s u l p h u r

o f  1 .5 8 A .  W arren  an d  B u r w e l l  i n  t h e i r  i n v e s t i g a t i o n  o f  o r t h o -

rh o m b ic  s u l p h u r  ( l o c . c i t . )  fo u n d  a  v a l u e  o f  1 .6 5 A .  B o th  t h e s e

v a l u e s  a r e  l e s s  t h a n  t h e  s u l p h u r  i o n i c  r a d i u s  o f  1 .85A  b u t  t h e

a n a l o g y  b e tw e e n  i o n i c  and  v an  d e r  Waals  r a d i i  i s  n o t  l i k e l y  to  b e
1 8 .

so good f o r  d i v a l e n t  i o n s  a s  f o r  u n i v a l e n t  i o n s  ( s e e  P a u l i n g ,  

p . 1 7 4 ) .

/Experim ental
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EXPERIMENTAL

C r y s t a l l i z a t i o n

Spec im ens  o f  (3 , (3 ! - d i i o  do d i e t h y l  t r i  s u l p h i d e  w e re  o b t a i n e d  

f rom  Mr.  K i n n e a r  o f  R . O . F . ,  P o r t o n .  T h e se  w e re  r e c r y s t a l l i z e d  

f rom  a l c o h o l - b e n z e n e  s o l u t i o n  a n d  y i e l d e d  f l a t  r e c t a n g u l a r  

p l a t e s  m .p .  1 1 0 ° .

I n t e n s i t y  M easu rem en ts

On a c c o u n t  o f  h i g h  a b s o r p t i o n  ( p, = 551 p e r  cm. f o r  CuK ) 

s p e c i a l  p r e c a u t i o n s  w ere  n e c e s s a r y .  I t  was fo u n d  t h a t  t h e  c r y ­

s t a l  sp ec im e n s  c o u l d  b e  r e a d i l y  c u t  to  u n i f o r m  c r o s s  s e c t i o n a l  

a r e a .  T h a t  u s e d  f o r  i n t e n s i t y  m e a s u re m e n t s  was i n  t h e  form o f  

a  l a t h  .1 3  mm. b y  .1 3  mm. a,nd o f  l e n g t h  0 . 6 5  mm. so t h a t  t h e  

n e c e s s i t y  f o r  a b s o r p t i o n  c o r r e c t i o n  was r e d u c e d  f o r  t h e  (h03j  

z o n e .  The e f f e c t  o f  t h e  h i g h  a b s o r p t i o n  was f u r t h e r  d e c r e a s e d  

b y  t a k i n g  s e v e r a l  f i l m s  f rom c r y s t a l s  o f  s l i g h t l y  v a r y i n g  c r o s s  

s e c t i o n a l  a r e a  an d  m aking  a  c o m p a r i s o n  o f  t h e  i n t e n s i t i e s  m easured  

C r y s t a l s  w e re  c o m p l e t e l y  im m ersed  i n  a  beam o f  f i l t e r e d  copper  

r a d i a t i o n  an d  t h e  r e f l e c t i o n s  r e c o r d e d  p h o to  g r a p h i c a l l y  b y  means 

o f  a  m oving  f i l m  camera  u s i n g  t h e  m u l t i p l e  f i l m  t e c h n i q u e .  The 

a b s o l u t e  s c a l e  o f  F v a l u e s  was n o t  d e t e r m i n e d  d i r e c t l y  b u t  wra s  

o b t a i n e d  b y  c o r r e l a t i o n  w i t h  t h e  c a l c u l a t e d  F v a l u e s .  The a to m ic

s c a t t e r i n g  f a c t o r  a d o p t e d  was t a k e n  a s  a  mean o f  t h e  Thomas Fermi
h , .  1 9 .

s c a t t e r i n g  f a c t o r s  a n d  t h e  P a u l i n g  Sherman s c a t t e r i n g  f a c t o r s .

An a r b i t r a r y  t e m p e r a t u r e  c o r r e c t i o n  was a p p l i e d  by  means o f  t h e



25.

Debye W a l l e r  t e m p e r a t u r e  f a c t o r  u s i n g  t h e  v a l u e  o f  ( 5 )  t h e

c h a r a c t e r i s t i c  t e m p e r a t u r e  g i v e n  f o r  c r y s t a l l i n e  i o d i n e .  The

s u l p h u r  c o n t r i b u t i o n  was  t h e n  v / e i g h t e d  2 on t h i s  s c a l e  and  t h e
7

c a r b o n  c o n t r i b u t i o n  was  i g n o r e d  i n  t h e  e v a l u a t i o n  o f  t h e  c a l c u ­

l a t e d  F!s . T h i s  r a t h e r  e m p i r i c a l  t r e a t m e n t  was fo u n d  to  b e  s u f ­

f i c i e n t l y  a c c u r a t e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  t r i a l  s t r u c t u r e  

and  i n  a  f i n a l  c o m p a r i s o n  o f  e x p e r i m e n t a l l y  o b s e r v e d  w i t h  c a l c u ­

l a t e d  F s  t h e  d e g r e e  o f  a g r e e m e n t  was  s u f f i c i e n t l y  good to  p r e ­

c l u d e  t h e  n e c e s s i t y  o f  d r a w in g  up a n  e x p e r i m e n t a l  s c a t t e r i n g  

c u r v e .

F o u r i e r  a n a l y s i s

The e l e c t r o n  d e n s i t y  on t h e  a  c p l a n e  (010)  was computed a t  

900 p o i n t s  on t h e  a s y m m e t r i c  u n i t .  The a  a x i s  was s u b d i v i d e d  

i n t o  50 p a r t s ;  t h e  £  a x i s  i n t o  120 p a r t s ,  t h e  i n t e r v a l s  a l o n g  a  

b e i n g  0.200$.  and  a l o n g  £  0 . 2 4 5 $ .  The c o m p u t a t i o n  was e f f e c t e d  

b y  e v a l u a t i n g  t h e  s e r i e s
+oo *oO

P ( x z ) -  1  I  I F ( h 0 3 j  cos277*(hx/a + l z / c )
a  c -oo —oc> —*

The summation  was c a r r i e d  o u t  w i t h  t h e  a i d  o f  a  m e c h a n i c a l  s o r t i n g  
21 .

d e v i c e .  T h i s  m e thod  g a v e  t h e  r e q u i s i t e  3° i n t e r v a l s  a l o n g  t h e

£  a x i s  w h i l e  s t i l l  p r e s e r v i n g  t h e  d e g r e e  o f  a c c u r a c y  o f  m e th o d s
2 1 .

i n v o l v i n g  t h e  u s e  o f  t h r e e  f i g u r e  s t r i p s .  The p o s i t i o n s  o f  t h e  

c o n t o u r  l i n e s  w e re  o b t a i n e d  b y  g r a p h i c a l  i n t e r p o l a t i o n  f rom  t h e  

summation t o t a l s  by  m ak in g  s e c t i o n s  o f  t h e  row s  and  co lu m n s .
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The r e s u l t i n g  c o n t o u r  map i s  shown i n  F i g .  VI

24.

Fig. ..:vt
C o o r d i n a t e s  a s s i g n e d  to  a tom s  i n  t h e  a s y m m e t r i c  u n i t .  The z e ro  

e l e c t r o n  l i n e  i s  shown d o t t e d ,  each  c o n t o u r  l i n e  r e p r e s e n t i n g  an 

i n c r e a s e  o f  2 e l e c t r o n s  p e r  sq .A  e x c ep t -  f o r  t h e  i o d i n e  a to m s  w here  

t h e  i n c r e m e n t  i s  5 e l e c t r o n s  p e r  s q .A .  ■ (The 2 e l e c t r o n  l i n e  i s  

o m i t t e d  t h r o u g h o u t .

/ D i f f r a c t i o n  e f f e c t s
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D i f f r a c t i o n  e f f e c t s

As s e e n  f rom  P i g .  ' VI t h e  d i f f r a c t i o n  e f f e c t s  i n  t h e  F o u r i e r

p r o j e c t i o n  a r e  o f  an  o r d e r  s u f f i c i e n t  to p r e c l u d e  any  o b s e r v a t i o n

o f  t h e  c a r b o n  p o s i t i o n s .  The m e th o d  o f  r e m o v in g  t h e s e  e f f e c t s
/6".

a d o p t e d  i n  t h e  s t u d y  o f  P t  p h t h a l o c y a n i n e  h a s  n o t  b e e n  a t t e m p t e d  

b e c a u s e  o f  t h e  u n c e r t a i n  s t a t e  o f  t h e  S an d  C s c a t t e r i n g  c u r v e s  

i n  a  compound o f  t h i s  t y p e .

The c o o r d i n a t e s  o f  T a b le  I  an d  P i g .  TV !were  u s e d  f o r  a  f i n a l  

c a l c u l a t i o n  o f  t h e  s t r u c t u r e  f a c t o r s  o f  a l l  t h e  (hOlJ p l a n e s .

The r e s u l t s  a r e  c o l l e c t e d  i n  T a b le  Y u n d e r  ”F c a l c . ,, The a g r e e ­

m en t  b e tw e e n  o b s e r v e d  a n d  c a l c u l a t e d v a l u e s  o f  P ,  e x p r e s s e d  i n  t h e  

u s u a l  way a s  t h e  sum o f  a l l  t h e  d i s c r e p a n c i e s  d i v i d e d  b y  t h e  t o t a l  

m e a s u re d  s t r u c t u r e  f a c t o r s ,  i s  1 1 . 6 $  f o r  t h e  (hODj r e f l e c t i o n s .

TABLE Y

M easu red  a n d  c a l c u l a t e d  v a l u e s  o f  t h e  s t r u c t u r e  f a c t o r  

hlcl

004 

008 

0012  

0016 

0020  

0024 

0028

s i n  6  P
1 . 5 4 m e a s . ^ " " ' c a l c

0 .1 0 5 33 + 29

0 . 2 1 1 427 - 4 2 4

0 .3 1 6 270 -275

0 .4 2 1 294 + 282

0 . 5 2 5 184 + 172

0 . 6 3 2 < 5 6  : - 6

0 .7 3 8 139 -1 3 4



T a b le  V c o n t i n u e d

hicl s in ®  
A *  1 . 5 4 m e a s . c a l c

1 0 1 0 . 1 3 0 81 + 77

1 0 2 0 . 1 3 8 147 - 1 2 4

103 0 . 1 5 0 81 +145

104 0 . 1 6 6 33 + 64

105 0 . 1 8 4 81 + 34

106 0 . 2 0 3 270 -275

107 0 . 2 2 4  * 107 - 1 1 0

108 0 . 2 4 6 < 33 + 32

109 0 . 2 6 9 147 -150

1 0 1 0 0 . 2 9 3 41 -2 8

1 0 1 1 0 . 3 1 7 74 -9 6

1 0 1 2 0 . 3 4 1 < 41 - 3 6

1013 0 . 3 6 5 57 -2 4

1014 0 . 3 9 0 229 + 223

1015 0 . 4 1 5 < 4 4 -3 0

1016 0 . 4 4 0 < 4 5 -3 0

1017 0 • 466 <46 + 36

1018 0 . 4 9 1 179 +156

1019 0 . 5 1 6 115 + 132

1 0 2 0 0 . 5 4 2 <48 + 9

1 0 2 1 0 .5 6 8 117 + 97

1 0 2 2 0 .5 9 4 156 - 1 4 4
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T a b le  V c o n t i n u e d

h k l ^

1023

1024

1025

1026

1027

1028

1029

1030

s in ®  
A= 1 . 5 4

0 . 6 2 0

0 . 6 4 5

0 .6 7 1

0 . 6 9 7

0 . 7 2 3

0 . 7 4 9

0 . 7 7 b

0 . 8 0 0

m e a s .

< 55
< 56
< 56 
148 
<57 
<57 
<56 
<56

c a l c

+12

+34

- 3 2

-149

-4 5

+10

- 4 3

+39

200

201

202

203

204

205

206

207

208 

209

2010

2011

2012

0 . 2 5 6

0 . 2 5 8

0 .2 6 1

0 . 2 6 8

0 . 2 7 7

0 . 2 8 7

0 .3 0 1

0 . 3 1 5

0 . 3 3 1

0 . 3 4 9

0 . 3 6 7

0 . 3 8 6

0 . 4 0 7

205

131

197

222

82

222

82

156

220

< 4 1

196

90

57

-199

-89

+197

-165

- 8 2

-181

-97

-141

+245

-5 2

-200

+ 9 7

+33
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T a b le  V c o n t i n u e d

h k l s i n  0  
A= 1 . 5 4 meas 1

F
c a l c

2013 0 .4 2 7 155 + 1 1 2

2014 0 . 4 4 9 < 44 + 1

2015 0 . 4 7 1 164 +167

2016 0 . 4 9 3 <45 -67

2017 0 . 5 1 6 70 +82

2018 0 . 5 3 9 131 +134

2019 0 . 5 6 2 < 4 9 -41

2 0 2 0 0 . 5 8 6 107 -97

2 0 2 1 0 . 6 1 0 73 - 2 3

2 0 2 2 0 . 6 3 4 82 +56

2023 0 . 6 5 8 90 -89

2024 0 . 6 8 2 < 5 5 + 1

2025 0 . 7 0 7 91 -9 2

2026 0 .7 3 1 91 -67

2027 0 . 7 5 6 82 - 2 0

2028 0 .7 8 1 ^  56 +24

301 0 . 3 8 5 57 -4 6

302 0 . 3 8 7 41 +24

303 0 . 3 9 2 82 -6 3

304 0 .3 9 8 270 -257

305 0 . 4 0 6 <44 +31



T a b l e  V c o n t i n u e d

hkl_ s i n  0
At 1 . 5 4 m ea s .

F
c a l c

306 0 .4 1 5 <  44 - 2 3

307 0 . 4 2 6 <  45 -1 6

308 0 . 4 5 8 156 -137

309 0 .4 5 1 < 4 6 0

3010 0 .4 6 5 46 +46

3011 0 .4 8 1 123 + 1 2 1

3012 0 .4 9 7 171 + 152

3013 0 . 5 1 4 74 + 46

3014 0 . 5 3 2 74 - 3 4

3015 0 .5 5 1 < 5 0 0

3016 0 . 5 7 0 196 + 191

3017 0 .5 8 8 < 52 -2 5

3018 0 . 6 1 0 < 53 - 5

3019 0 .6 3 1 62 -67

3020 0 . 6 5 2 <54 -39

3021 0 . 6 7 3 < 55 -35

3022 0 .6 9 5 4.56 - 4 2

3023 0 .7 1 7 <,56 -41

3024 0 .7 3 9 163 -145

3025 0 . 7 6 2 <,56 -17

3026 0 . 7 8 5 <,55 -47

/ c o n t i n u e d



T a b le  V c o n t i n u e d

hid_ s i n  ® 3?
1 . 5 4 m e a s . ' c a l c

400 0 . 5 1 2 <47 + 2 2

403. 0 . 5 1 2 < 47 - 2 4

402 0 .5 1 4 246 - 2 2 4

403 0 .5 1 8 6 6 -3 0

404 0 . 5 2 3 <48 -1 9

405 0 .5 3 0 <•49 -5 9

406 0 . 5 3 6 115 +119

407 0 . 5 4 4 < 5 0 - 2 6

408 0 .5 5 1 < 5 0 +19

409 0 . 5 6 4 106 - 2 6

4010 0 . 5 7 5 270 + 230

4011 0 .5 8 8 <  52 - 3 4

4012 0 .6 0 1 < 5 3 - 2 2

4013 0 . 6 1 6 57 +85

4014 0 .6 3 1 < 53 0

4015 0 .6 4 7 < 5 4 +19

4016 0 . 6 6 3 < 5 4 +13

4017 0 . 6 8 0 < 5 5 - 5

4018 0 .6 8 9 180 - 1 5 6

4019 0 . 7 1 6 < 5 6 +13

4020 0 . 7 3 4 <  56 - 8

4021 0 .7 5 3 <  56 -17
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T a b le  V c o n t i n u e d

h i d  s i n  I*
« 1 . 5 4  m e a s . c a l  c .

4022 0 . 7 7 3  < 56  -90

4023 0 . 7 9 3  < 5 5  -27

501 0 . 6 4 0  115 -117

502 0 . 6 4 2  < 5 3  -2 5

503 0 . 6 4 5  < 5 4  -11

504 0 . 6 4 9  98 + 1 0 4

505 0 . 6 5 3  < 5 4  -1 2

506 0 . 6 5 9  82 -6 0

507 0 . 6 6 6  V 82 + 7 4

508 0 . 6 7 3  82 + 69

509 0 . 6 8 2  107 + 98

5010 0 . 6 9 2  58 + 49

5011 0 . 7 0 2  82 -47

5012 0 . 7 1 4  < 5 6  - 6 4

5013 0 . 7 2 5  < 5 6  + 5 0

5014 0 . 7 3 8  56 + 33

5015 0 . 7 5 2  57 -4 0

5016 0 . 7 6 6  90 - 9 6

5017 0 .7 8 1  74 - 7 4

5018 0 . 7 9 9  <<56 +19
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PART I I

An X - r a y  I n v e s t i g a t i o n  o f  t h e  E f f e c t  o f  R i o k e t s  

on Bone S t r u c t u r e  i n  R a t s

I n t r o d u c t i o n

X - r a y  d i f f r a c t i o n  m ethods  h a v e  b e e n  u t i l i z e d  t o  a c o n s i d e r ­

a b l e  e x t e n t  i n  t h e  s t u d y  o f  t h e  s t r u c t u r e  o f  b o n e .  E a r l y  work 
1 .

b y  de Jong  showed t h a t  t h e  d i f f r a c t i o n  p a t t e r n  g i v e n  by  powdered

bone c l o s e l y  r e s e m b l e d  t h a t  g i v e n  b y  t h e  m i n e r a l  f l u o r a p a t i t e  and

he  c o n c l u d e d  t h a t  t h e r e  was a c l o s e  s i m i l a r i t y  i n  t h e  s t r u c t u r e
2 .

o f  t h e  two s u b s t a n c e s .  T a y l o r  an d  S h e a r d  and  R o s e b e r r y ,
3 .

H a s t i n g s  and  Morse e x t e n d e d  t h i s  c o m p a r i s o n  o f  t h e  powdered bone 

d i f f r a c t i o n  p a t t e r n  w i t h  t h e  known m i n e r a l  a p a t i t e s  and  e s t a b ­

l i s h e d  t h a t  c a l c i u m  c a r b o n a t e  a n d  c a l c i u m  p h o s p h a t e  a r e  n o t  p r e ­

s e n t  a s  s u c h  i n  t h e  bone  i n o r g a n i c  s a l t .
4 .

C l a r k  f i r s t  c a r r i e d  o u t  an e x a m i n a t i o n  o f  i n t a c t  bone s e c ­

t i o n s  an d  showed t h a t  i n  i n t a c t  bone  a c e r t a i n  d e g r e e  o f  p r e f e r ­

e n t i a l  o r i e n t a t i o n  o f  t h e  bone  i n o r g a n i c  c r y s t a l l i t e s  o c c u r r e d .

T h i s  p r e l i m i n a r y  work was s u c c e s s f u l  i n  e s t a b l i s h i n g  t h e  

a p a t i t e - l i k e  s t r u c t u r e  o f  t h e  bone  i n o r g a n i c  s a l t .  T h e re  f o l l o w ­

ed a p e r i o d  o f  i n t e n s i v e  i n v e s t i g a t i o n  o f  t h e  e x a c t  c o m p o s i t i o n  

o f  t h e  i n o r g a n i c  m a t e r i a l .  U n f o r t u n a t e l y  t h i s  work h a s  n o t  

y i e l d e d  r e s u l t s  c a p a b l e  o f  e x a c t  i n t e r p r e t a t i o n  and  c o n s i d e r a b l e  

c o n t r o v e r s y  s t i l l  e x i s t s  b e tw een  t h e  v a r i o u s  w o rk e r s  i n  t h e  f i e l d

w i t h  r e g a r d  t o  t h e  f i n a l  d e t a i l s  i n  t h e  s t r u c t u r e .
5.

I n  1931 H e n d r i c k s ,  H i l l ,  J a c o b s  and  H en d e r so n  from c h e m i c a l  

a n d  X - r a y  d i f f r a c t i o n  d a t a  came t o  t h e  c o n c l u s i o n  t h a t  bone i s



2 .

e s s e n t i a l l y  a c a r b o n a t o -  a p a t i t e  o r  a c a r b o n a t o  h y d r o x y a p a t i t e
6 . 7 .

CaioCO^PQ^)gHgO. E lem en t  a n d  Trommel and  B r e d i g  p r e s e n t e d  

s t r o n g  e v i d e n c e  in  s u p p o r t  o f  a h y d r o x y a p a t i t e  r a t h e r  t h a n  a 

c a r b o n a t o -  a p a t i t e  s t r u c t u r e  f o r  t h e  bone  i n o r g a n i c  s a l t .

B r e d i g ’ s work c e n t r e d  a r o u n d  a c o m p a r i s o n  s t u d y  o f  t h e  d i f f r a c ­

t i o n  p a t t e r n  g i v e n  b y  t h e  bone  i n o r g a n i c  s a l t  w i t h  t h a t  o b t a i n e d

f rom  t h e  n a t u r a l  and  s y n t h e t i c  c a r b o n a t o -  a n d  h y d r o x y -  a p a t i t e s .  
8 .

I n  1936 E le m e n t  c l a i m e d  t o  hav e  s y n t h e s i s e d  t h e  bone  i n o r g a n i c

s a l t  b y  p r e c i p i t a t i n g  h y d r o x y a p a t i t e  f rom  s o l u t i o n  i n  p r e s e n c e
9 .

o f  c a r b o n a t e .  Gassman d i s p u t e d  E l e m e n t ! s work an d  s t a t e d  t h a t

i t  was n o t  i n  a g r e e m e n t  w i t h  t h e  a n a l y t i c a l  r e s u l t s .  He c i t e d

an e x p e r i m e n t  t o  show t h a t  no f r e e  c a l c i u m  c a r b o n a t e  e x i s t s

i n  b o n e .  T h i s  p o i n t  i s  s t i l l  an  open q u e s t i o n .

I n  a  s t u d y  o f  t h e  s t r u c t u r e  o f  t o o t h  B a l e ,  Le P e v re  and  
10.

Hodge i d e n t i f i e d  t h e  main s u b s t a n c e  a s  h y d r o x y a p a t i t e  w i t h
11.

o c c l u d e d  o r  a d s o r b e d  c a r b o n a t e s .  S u b s e q u e n t l y  B a l e  showed 

t h a t  t h e  u n i t  c e l l s  o f  b o n e ,  d e n t i n e ,  h y d r o x y a p a t i t e  and  t r i c a l ­

cium p h o s p h a t e  a r e  i d e n t i c a l  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l
1 2 .

e r r o r .  More r e c e n t l y  H e n d r i c k s  and  H i l l  have  p u t  f o r w a r d  a 

t h e o r y  t h a t  t h e  bone i n o r g a n i c  s a l t  c o n s i s t s  o f  a h y d r a t e d  t r i ­

c a l c i u m  p h o s p h a t e  t y p e  o f  compound i n s t e a d  o f  a h y d r o x y a p a t i t e  

a n d  t h e y  m a i n t a i n  t h a t  sod ium  an d  c a r b o n a t e  a r e  e s s e n t i a l  c o n ­

s t i t u e n t s  o f  t h e  compound f o r  w h ich  t h e y  s u g g e s t  an  a v e r a g e  com-

p o s i t i o n  Ca8>5Q . Mg0 > s 5  . Na0 > 1 9  . (P 0 4 ) 5 , 0 7  ( 0 0 g ) 1 > 2 4  2HgO.
1 3 .  ,

From an X - r a y  e x a m i n a t i o n  o f  pow dered  bone  D a l l e m a g n e ,  and



14 ,  1 5 .  3 ‘
D a l lem ag n e  an d  B r a s s e u r  s u g g e s t  t h a t  t h e  hone  i n o r g a n i c

s a l t  c o n s i s t s  o f  a m i x t u r e  o fcx  t r i c a l c i u m  p h o s p h a t e  and c a l c i u m

c a r b o n a t e  and  t h a t  on i g n i t i o n  (900°G) a c a r b o n a t o - a p a t i t e  i s

fo rm ed .

I n  s p i t e  o f  t h e  l a c k  o f  d e t a i l e d  know ledge  o f  t h e  bone i n ­

o r g a n i c  s a l t  s e v e r a l  s t u d i e s  o f  t h e  X - r a y  d i f f r a c t i o n  p a t t e r n s
16 •

g i v e n  b y  p a t h o l o g i c a l  b o n e  h a v e  been  m ade .  I n  1932 Shauman

c l a i m e d  t h a t  i n  r a c h i t i c  bone  t h e  l i n e s  due  t o  t h e  o r g a n i c  m a t t e r

a p p e a r e d  w i t h  much g r e a t e r  i n t e n s i t y  t h a n  i n  o r d i n a r y  b o n e .
17 .

C l a r k  an d  M rg u d ich  a l s o  r e p o r t i n g  a s t u d y  o f  r a c h i t i c  bone

c l a i m e d  t h a t  t h e  p r e f e r r e d  o r i e n t a t i o n  shown b y  t h e  i n o r g a n i c

c r y s t a l l i t e s  i n  n o rm a l  bone  i s  d e c r e a s e d  and  t h a t  t h e r e  i s  an

i n c r e a s e  i n  t h e  amount o f  amorphous m a t e r i a l  p r e s e n t .  They

c o n c l u d e d  t h a t  t h e r e  was a b reakdow n In  t h e  s t r u c t u r e  and  o r g a n i -
18 .

s a t i o n  o f  t h e  o r g a n i c  m a t e r i a l  o f  bone i n  r i c k e t s .  Saupe

r e p o r t e d  t h e  r e s u l t s  o f  t h e  e f f e c t  o f  a g e ,  r i c k e t s ,  o s t e o m y e l i t i s

an d  r e p a i r  o f  b r o k e n  bone  on t h e  bone  d i f f r a c t i o n  p a t t e r n .
1 9 ,  2 0 .

H enschen  gave  a d e t a i l e d  a c c o u n t  o f  t h e  ch an g es  o c c u r r i n g  i n

t h e  bone d i f f r a c t i o n  p a t t e r n  w i t h  age and  f a t i g u e .  Reed and  
2 1 , 2 2 .

Reed i n  a  s t u d y  o f  t h e  e f f e c t  o f  r i c k e t s  on t h e  s t r u c t u r e

o f  bone  c l a i m  t h a t  d i s o r i e n t a t i o n  o f  t h e  i n o r g a n i c  c r y s t a l l i t e s  

o c c u r s  i n  t h e  r a c h i t i c  d i e t  an d  t h a t  r e o r i e n t a t i o n  t a k e s  p l a c e  

on h e a l i n g .

I n  t h i s  I n v e s t i g a t i o n  t h e  p r i m a r y  a im  was t o  compare t h e  

d e g r e e  o f  o r i e n t a t i o n  shown b y  r a c h i t i c  bone  d i f f r a c t i o n  p a t t e r n s



4 .
23 .

with,  t h a t  shown b y  n o rm a l  b o n e .  Work b y  Lamarque h a s  shown 

t h a t  c o n s i d e r a b l e  v a r i a t i o n s  i n  t h e  o r i e n t a t i o n  shown b y  t h e  i n o r ­

g a n i c  c r y s t a l l i t e s  i n  bone  o c c u r  w i t h  v a r i a t i o n  i n  age  o r  t h e  

l o c a t i o n  o f  t h e  sp e c im e n  s e l e c t e d  f o r  e x a m i n a t i o n .  The work  was 

e x t e n d e d  t o  i n c l u d e  an  e x a m i n a t i o n  o f  t h e  o r i e n t a t i o n  o f  t h e  

o r g a n i c  m a t e r i a l  p r e s e n t  s i n c e  p r e l i m i n a r y  m e a su re m e n t s  showed 

t h a t  t h e  o r i e n t a t i o n  o f  b o t h  bone  c o n s t i t u e n t s  was i n t e r - r e l a t e d .

E x p e r i m e n t a l  M ethods

A l l  s p e c im e n s  w ere  m oun ted  on a n o n - r o t a t i n g  h o l d e r  w i t h  t h e  

d i r e c t i o n  o f  t h e  bone  l e n g t h  p e r p e n d i c u l a r  t o  t h e  i n c i d e n t  X - r a y  

beam,  and  e x p o s e d  t o  Cul^ r a d i a t i o n  w i t h  a spec im en  t o  f i l m  d i s ­

t a n c e  o f  4 . 0 1  cm.

1 .  I n t a c t  Sp ec im en s  -  S m a l l  p o r t i o n s  o f  a p p r o x i m a t e l y  10 mm. by

0 . 2  mm. b y  0 . 2  mm. were c u t  f rom  c e n t r a l  a r e a  o f  th e  f e m o r a l  

s h a f t .  The l o c a t i o n  o f  t h e  s e l e c t e d  p o r t i o n  was s t a n d a r d  

t h r o u g h o u t  a l l  t h e  e x p e r i m e n t s .

2 .  D e c a l c i f i e d  S p ec im ens  -  S e v e r a l  m e thods  a r e  a v a i l a b l e  f o r  

e f f e c t i n g  d e c a l c i f i c a t i o n  b u t  i t  i s  n e c e s s a r y  t o  know f i r s t  i f  

t h e  c o l l a g e n  o f  t h e  bone  r e m a i n s  u n a l t e r e d  i n  s p i t e  o f  t h e  c h e m i ­

c a l  t r e a t m e n t  r e q u i r e d .  The d i f f r a c t i o n  p a t t e r n  o f  f r e s h  r a t  |

t a i l  t e n d o n  was compared  w i t h  t h e  p a t t e r n  o b t a i n e d  a f t e r  i t  h ad  j

b e en  immersed  i n  t h e  d e c a l c i f y i n g  f l u i d  f o r  t h e  t im e  n e c e s s a r y

t o  d e c a l c i f y  t h e  s m a l l  bo n e  s p e c i m e n s .  N e i t h e r  d i l u t e  ammonium 

c i t r a t e  ( W h i t e ! s s o l u t i o n )  n o r  1% f o r m ic  a c i d  c a u s e d  an y  change



i n  t h e  o r i e n t a t i o n  o f  t h e  c o l l a g e n  p a t t e r n .  B o t h  m ethods  were  

a d o p t e d  in  t h e  r o u t i n e  d e c a l c i f i c a t i o n  o f  s p e c i m e n s .  A l l  s u c h  

sp e c im e n s  were  exam ined  a t  room h u m i d i t y .

3* D e p r o t e i n i z e d  s p e c im e n s  -  The bone  s p e c im e n s  w ere  c u t  t o  d im en ­

s i o n s  s u i t a b l e  f o r  X - r a y  e x a m i n a t i o n ,  b o i l e d  i n  w a t e r  f o r  24 

h o u r s  an d  t h e n  s u b j e c t e d  t o  t r y p s i n  d i g e s t i o n  a t  pH 8  f o r  4 t o  

5 d a y s .  A f t e r  t h o r o u g h  w a s h in g  i t  was shown b y  K j e l d a h l ’ s 

m ethod  t h a t  t h e  s p e c im e n s  c o n t a i n e d  no N; d i g e s t i o n  was t h e r e ­

f o r e  c o m p l e t e .

4 .  A s s e s s m e n t  o f  o r i e n t a t i o n  -  The 0002 r e f l e c t i o n  ( T a b l e s  I I  and 

I I I )  i s  t h e  m o s t  i n t e n s e  o r i e n t e d  r e f l e c t i o n  o c c u r r i n g  i n  t h e  

i n t a c t  bone  d i f f r a c t i o n  p a t t e r n .  The a n g u l a r  m easu rem en t  o f  

t h i s  d i f f r a c t i o n  a r c  was t a k e n  a s  a m e a s u re  o f  t h e  d e g r e e  o f  

o r i e n t a t i o n  shown by  t h e  i n o r g a n i c  c r y s t a l l i t e s .

R e s u l t s

E x p e r i m e n t a l  M a t e r i a l  -  The r a t s  u s e d  i n  t h i s  i n v e s t i g a t i o n  were 

d i v i d e d  i n t o  two g r o u p s  a c c o r d i n g  t o  d i e t a r y  c o n d i t i o n s ,  R g ro u p  

(18 a n i m a l s )  b e i n g  f e d  a h i g h l y  r a c h i t o g e n i c  d i e t  and  S g ro u p  

( 1 1  a n i m a l s )  b e i n g  f e d  an  a d e q u a t e  d i e t  f o r  c o n t r o l  p u r p o s e s .

The R g r o u p  on r a d i o g r a p h y  showed m a rk ed  r i c k e t s  w h i l e  a l l  t h e  

a n i m a l s  In  t h e  S g r o u p  on e x a m i n a t i o n  showed a n o rm a l  t y p e  o f  

bone  f o r m a t i o n .

X - r a y  d a t a

The s p a c i n g s  m e a s u r e d ,  i n d i c e s  a s s i g n e d  and  t h e  o r i e n t a t i o n



6.

shown b y  t h e  d i f f r a c t i o n  r i n g s  a r e  t a b u l a t e d  f o r  r a c h i t i c  (R) 

s p e c im e n s  (T a b le  I )  an d  f o r  c o n t r o l  (S)  s p e c im e n s  ( T a b le  I I ) .

The c o r r e s p o n d i n g  d a t a  f o r  d e p r o t e i n i s e d  s p e c im e n s  i s  g i v e n  i n  

T a b le  I I I .  The t y p i c a l  d i f f r a c t i o n  p a t t e r n s  o b t a i n e d  f rom 

r a c h i t i c  and  f rom d e p r o t e i n i s e d  s p e c im e n s  a r e  shoirn i n  F i g .  1 .  

and  F i g .  2 .  r e s p e c t i v e l y .  T a b le  IV g i v e s  t h e  s p a c i n g s  an d  o r i e n ­

t a t i o n  o f  t h e  o r g a n i c  d i f f r a c t i o n  p a t t e r n  a  t y p i c a l  example  o f  

w h ich  i s  shown In  F i g .  3 .

T a b le  I  -  R a c h i t i c  Bone ( I n t a c t  s p e c i m e n s )  f rom  R g ro u p

R in g No. d*

A 0

I n d i c e s O r i e n t a t i o n

1 1 2 . 8 O r g a n ic
s p a c i n g

E q u a t o r i a l

2 8 . 3 0 0 1 1 0 E q u a t o r i a l

3  8c 4 5 . 4  t o  
4 . 2

O rg a n ic
0 1 1 0

1 1 2 0

None

5 3 . 4 4 0 0 0 2 M e r i d i o n a l

6  & 7 3 . 1 7 0 l l 2
1 2 3 0

None

8  8c 9 2 . 8 7 1 2 5 1

0 3 3 0

None

1 0 2 . 6 9 O rg a n ic
s p a c i n g

M e r i d i o n a l

s  oA l l  s p a c i n g s  c o r r e c t  t o  .0 5  A .



T a b l e  I I  -  Normal Bone ( I n t a c t  s p e c im e n s  f rom  S g r o u p )

R in g  No. a*
A0

I n d i c e s O r i e n t a t i o n

2 8 . 3 0 01T0 E q u a t o r i a l

3 &4 5 . 3  t o  
4 . 2

O rg a n ic
0 1 1 1
1 1 2 0

None

5 3 . 4 4 0 0 0 2 M e r i d i o n a l

6 &7 3 . 1 7 0 1 1 2
1230

None

8  & 9 2 . 8 7 1231
0330

None

10 a b s e n t

A l l  s p a c i n g s  c o r r e c t  t o  *05 A0 .



T a b le  I I I  -  P e p r o t e i n l z e d  bone s p e c im e n s

R in g  Wo. d
A0

I n d i c e s O r i e n t a t i o n

2 8 . 1 4 0110 E q u a t o r i a l

3 5 . 2 8 0111 None

4 4 . 2 2 1120 E q u a t o r i a l

5 3 . 4 5 0002 M e r i d i o n a l

6 3 . 3 1 01T2 None

7 3 . 2 2 1230 E q u a t o r i a l

8 2 . 9 6 1231 None

9 2 . 8 6 0330 E q u a t o r i a l

1 0 2 . 7 2 0 2 2 2 None

11 2 . 5 5 0331 None



9.

F i g .  1 . R a c h i t i c  bone d i f f r a c t i o n  p a t t e r n

F i g .  2 . D e p r o t e i n i s e d  bone d i f f r a c t i o n  p a t t e r n



10 .

Table  IV -  D e c a l c i f i e d  bone ( r a c h i t i c ,  R,

and  c o n t r o l ,  8 ,  g r o u p s )

oS p a c i n g  A
.

r ~ -------- ----------------  ---
O r i e n t a t i o n

1 1 . 2  -  1 3 . 8  

4 . 1  -  5 . 5  

2 . 8  -  2 . 9

E q u a t o r i a l  

S l i g h t  E q u a t o r i a l  

M e r i d i o n a l

F i g .  5 . D e c a l c i f i e d  bone  d i f f r a c t i o n  p a t t e r n



11.

1 .  The I n o r g a n i c  s p a c i n g s  hav e  t h e  same v a l u e  w i t h i n  t h e  l i m i t s  

o f  e x p e r i m e n t a l  e r r o r  i n  c o n t r o l  (S)  g r o u p  a n d  i n  r a c h i t i c  s p e c i ­

mens (R g r o u p ) .

2 .  The o r g a n i c  s p a c i n g s  1 an d  10 o c c u r  i n  r a c h i t i c  s p e c im e n s  

o n l y .  The b r o a d  d i f f r a c t i o n  r i n g  f rom  5 . 4  -  4 . 2  A° i n  t h e  

r a c h i t i c  s p e c im e n s  I s  r e d u c e d  t o  5 . 3  -  4 . 2  A0  i n  t h e  c o n t r o l  

s p e c i m e n s .  T h i s  r i n g  h a s  been  shown t o  be composed o f  an o r g a n i c  

s p a c i n g  an d  t h e  i n o r g a n i c  OlTO an d  1120 s u p e r i m p o s e d .  I t s  

w eaker  i n t e n s i t y  i n  t h e  c o n t r o l  s p e c im e n s  i s  due  t o  a d e c r e a s e  i n  

t h e  s c a t t e r  f rom t h e  o r g a n i c  c o n s t i t u e n t ;  t h e  i n o r g a n i c  s p a c i n g s  

r e m a in  t h e  same i n  i n t e n s i t y  i n  t h e  r a c h i t i c  a n d  c o n t r o l  w h e rea s  

o r g a n i c  s p a c i n g s  1  a n d  1 0  do n o t  a p p e a r  i n  t h e  c o n t r o l .

Prom T a b le  IV ( d e p r o t e i n i s e d  s p e c i m e n s )  i t  i s  s e e n  t h a t  on 

r e m o v a l  o f  p r o t e i n  t h e r e  i s  a c o n s i d e r a b l e  s h a r p e n i n g  o f  t h e  

i n o r g a n i c  d i f f r a c t i o n  p a t t e r n ,  w i t h o u t ,  h o w e v e r ,  a n y  a p p r e c i a b l e  

change  i n  t h e  s p a c i n g s  m e a s u r e d .  The c o m p o s i t e  d i f f r a c t i o n  r i n g s  

3 and  4 ,  6  an d  7 ,  an d  8  an d  9 i n  t h e  i n t a c t  sp ec im en  a r e  r e s o l v e d  

i n  t h e  d e p r o t e i n i s e d  s p e c i m e n s .  The d e c r e a s e  i n  i n t e n s i t y  o f  

t h e  d i f f r a c t i o n  r i n g s  w i t h  d e c r e a s e  i n  s p a c i n g  i s  much more 

m arked  i n  t h e  c a s e  o f  i n t a c t  s p e c i m e n s .  F o r  d e p r o t e i n i s e d  s p e c i ­

mens t h e r e  a r e  two f u r t h e r  u n o r i e n t e d  d i f f r a c t i o n  r i n g s  1 0  and  1 1  

a p p e a r i n g  w h e re a s  w i t h  i n t a c t  r a c h i t i c  bone  o n l y  t h e  o r i e n t e d  

s p a c i n g  10 o c c u r s  ( T a b l e s  I I  and  I V ) .

The o r g a n i c  s p a c i n g s  m e a s u r e d  f rom  t h e  d e c a l c i f i e d  sp ec im e n s  

( T a b l e  V) a r e  v e r y  s i m i l a r  t o  t h o s e  g i v e n  b y  A s t b u r y  (1940)  f o r



12.

c o l l a g e n  an d  g e l a t i n  f o r  w hich  s t r u c t u r e s  h a v e  b e en  p r o p o s e d  by  

A s t b u r y  an d  B e l l  ( 1 9 4 0 ) .  !

I n  b o t h  r a c h i t i c  an d  n o rm a l  bone  t h e r e  i s  u n i a x i a l  o r i e n t a ­

t i o n  o f  b o t h  o r g a n i c  a n d  i n o r g a n i c  m a t e r i a l  i n  a d i r e c t i o n  p a r a l ­

l e l  t o  t h e  bone  l e n g t h .  T h i s  i s  m os t  c l e a r l y  i n d i c a t e d ,  i n  th e  

c a s e  o f  t h e  i n o r g a n i c  m a t e r i a l ,  b y  t h e  m o s t  i n t e n s e  o r i e n t e d  

0002 s p a c i n g  ( T a b le  I I  a n d  I I I ) .  The o r i e n t a t i o n  i s  m os t  p r o -  jI
n o u n c ed  a t  t h e  c e n t r e  o f  t h e  s h a f t  and  d e c r e a s e s  to w a r d s  t h e  

e p i p h y s i a l  a r e a  where t h e r e  i s  no d e t e c t a b l e  o r i e n t a t i o n .  At 

t h e  c e n t r e  o f  t h e  s h a f t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  

t h e  o r i e n t a t i o n  shown b y  t h e  r a c h i t i c  an d  n o rm a l  s p e c i m e n s .

D i s c u s s i o n

As h a s  a l r e a d y  b e e n  s t a t e d  i n  t h e  i n t r o d u c t i o n  ( p . 3 ),

considerable uncertainty still exists as to the exact compositioJ
a n d  s t r u c t u r e  o f  t h e  bone i n o r g a n i c  s a l t .  The l a r g e  number  o f

d i v e r s e  t h e o r i e s  c u r r e n t  i n  t h i s  f i e l d  a r e  a l m o s t  c e r t a i n l y  due

t o  t h e  f a c t  t h a t  i n t a c t  bone  g i v e s  a d i f f r a c t i o n  p a t t e r n  r a t h e r

l a c k i n g  i n  f i n e  d e t a i l  ( P i g .  2 .  p .  9 ) .  I n d e e d ,  t h e  l a c k  o f

d e t a i l  i s  s u c h  t h a t  t h e  f e a t u r e s  d i s c e r n i b l e  can  b e  i d e n t i f i e d

q u a l i t a t i v e l y  w i t h  a l m o s t  a l l  t h e  a p a t i t e - l i k e  n u m e r a l s  ( 2 )  ( 3 ) .

In  t h e s e  c i r c u m s t a n c e s  i t  i s  n a t u r a l  t h a t  a c o n s i d e r a b l e  d e g r e e

o f  s p e c u l a t i o n  a r o u n d  t h e  a v a i l a b l e  d a t a  s h o u l d  t a k e  p l a c e .

I n  an  e f f o r t  t o  i n c r e a s e  t h e  d e f i n i t i o n  shown b y  t h e  d i f f r a c t i o n
6 .

p a t t e r n  E lem en t  a n d  Trommel h av e  c a r r i e d  o u t  c a l c i n a t i o n  a t



900°C. T h i s  t r e a t m e n t  i s ,  h o w e v e r ,  open  t o  o b j e c t i o n  i n  t h a t ,

i n  a d d i t i o n  t o  rem o v in g  t h e  o r g a n i c  m a t t e r  p r e s e n t ,  a c o n s i d e r a b l e

d e g r e e  o f  d e h y d r a t i o n  o f  t h e  i n o r g a n i c  m a t e r i a l  t a k e s  p l a c e ,  so

t h a t  t h e  f i n a l  s t r u c t u r e  can h a v e  v e r y  l i t t l e  r e s e m b l a n c e  t o  t h e
1 3 ,  1 4 ,  15 .

n a t u r a l  m a t e r i a l .  D a l lem ag n e  a n d  B r a s s e u r  hav e  r e l i e d

on t r e a t m e n t  w i t h  6 % p o t a s s i u m  g l y c e r i d e  t o  remove p r o t e i n  f rom 

i n t a c t  bone  a n d  r e p o r t  t h a t  t h e  r e s u l t a n t  d i f f r a c t i o n  p a t t e r n  i s  

v e r y  s i m i l a r  t o  t h a t  g i v e n  b y  i n t a c t  b o n e .  T h i s  f i n d i n g  was 

t a k e n  t o  show t h a t  d e p r o t e i n i s a t i o n  b y  t h i s  m e thod  p r o d u c e d  no 

s t r u c t u r a l  c h a n g e s  i n  t h e  i n o r g a n i c  s a l t .  T h i s  was a r e a s o n a b l e  

a s s u m p t i o n  a t  t h e  t im e  o f  e x p e r i m e n t .  I n  a s e a r c h  f o r  a m i l d  

fo rm  o f  d e p r o t e i n i s a t i o n  i t  was d e c i d e d  i n  t h i s  i n v e s t i g a t i o n  

t h a t  enzymic  d i g e s t i o n  p r o v i d e d  c o n s i d e r a b l e  a d v a n t a g e s  o v e r  

c h e m i c a l  t r e a t m e n t ,  s i n c e  t h e  d e g r e e  o f  s p e c i f i c i t y  i n v o l v e d  

w ould  b e t t e r  p r o t e c t  t h e  i n o r g a n i c  s a l t  f rom  a t t a c k  and  i n  a d d i ­

t i o n  t h e  h y d r o g e n  i o n  c o n c e n t r a t i o n  f o r  s u c h  a m e th o d  i s  much 

n e a r e r  t h e  v a l u e  p e r t a i n i n g  i n  n o rm a l  t i s s u e  f l u i d s .  The r e s u l t  < 

o b t a i n e d  was o f  g r e a t  i n t e r e s t  i n  t h a t  a c o n s i d e r a b l e  i n c r e a s e  i n  

t h e  d e f i n i t i o n  o f  t h e  d i f f r a c t i o n  p a t t e r n  was o b s e r v e d .  The 

s p a c i n g s  m e a s u r e d  and  t h e  i n t e n s i t i e s  r e c o r d e d  r e m a in e d  th e  same; 

w i t h i n  t h e  l i m i t s  o f  m e a s u re m e n t  i n  b o t h  t y p e s  o f  p h o t o g r a p h .

Now a s h a r p e n i n g  o f  t h i s  k i n d  i n  t h e  d i f f r a c t i o n  p a t t e r n  

g i v e n  b y  a c r y s t a l l i n e  s u b s t a n c e  would  i n d i c a t e  ( i n  t h e  a b s e n c e  

o f  c h e m i c a l  c h a n g e s  i n v o l v i n g  a s u b s e q u e n t  r e c r y s t a l l i s a t i o n )  

t h a t  t h e  m i c r o - c r y s t a l s  h a d  i n c r e a s e d  i n  s i z e .  The s i t u a t i o n



i s  a n a l o g o u s  t o  t h a t  e x i s t i n g  b e tw e en  m o s a i c  an d  p e r f e c t  c r y s t a l s  

d i s c u s s e d  i n  t h e  t h e o r e t i c a l  i n t r o d u c t i o n  ( p .  ) .  The c r y s t a l

t y p e  h a s  ch a n g ed  from e x t r e m e l y  s m a l l  m o s a i c  b l o c k s  g i v i n g  a 

d i f f u s e  d i f f r a c t i o n  p a t t e r n  and  l a r g e  b l o c k s  g i v i n g  a much 

s h a r p e r  p a t t e r n .  The c o n c l u s i o n  m u s t  be  t h a t  on d e p r o t e i n i s a t i o n  

b y  t r y p s i n  f o r c e s  c a u s i n g  d i s t o r t i o n  o f  t h e  i n o r g a n i c  m i c r o - c r y ­

s t a l s  a r e  r e l e a s e d ,  and  t h e  volume o v e r  w h ic h  t h e  s t r u c t u r e  i s  

r e g u l a r  i s  i n c r e a s e d .  The f o r c e s  i n v o l v e d  a r e  m os t  p r o b a b l y  

t h o s e  o f  a t t r a c t i o n  b e tw e e n  p r o t e i n  an d  t h e  s u r f a c e  a r e a s  o f  t h e  

i n o r g a n i c  c r y s t a l l i t e s  s i n c e  i t  h a s  been  f o u n d  t h a t  t h e  o r g a n i c  

and  i n o r g a n i c  m a t e r i a l  o f  bone h a s  an o r i e n t a t i o n  i n  t h e  bone  

w h i c h  i s  a lw a y s  c l o s e l y  s i m i l a r  i n  d e g r e e  a n d  d i r e c t i o n .  I t  

w ould  b e  o f  l i t t l e  a d v a n t a g e ,  h o w e v e r ,  t o  s p e c u l a t e  f u r t h e r  on 

t h e  e x a c t  n a t u r e  o f  t h e  f o r c e s  b e tw ee n  t h e  c o l l a g e n o u s  p r o t e i n  o f  

bone  an d  t h e  i n o r g a n i c  m a t e r i a l  u n t i l  more i s  known o f  t h e  s t r u c ­

t u r e s  i n v o l v e d .  S i n c e  t h e  m ethod  o f  d e p r o t e i n i s a t i o n  u t i l i s e d  

i n  t h i s  i n v e s t i g a t i o n  h a s  y i e l d e d  r a t h e r  more d a t a  t h a n  p r e v i o u s  

m e t h o d s ,  more e x a c t  i n f o r m a t i o n  o f  t h e  s t r u c t u r e  o f  t h e  i n o r g a n i c  

c o n s t i t u e n t  s h o u l d  now b e  p o s s i b l e .

Com par ison  o f  r e s u l t s  o b t a i n e d  f rom  n o rm a l  and  r a c h i t i c  sp e c im e n s

o f  r a t  fem ora

M en t io n  h a s  a l r e a d y  b ee n  made o f  t h e  r e s u l t s  o b t a i n e d  b y  
1 7 .  2 1 ,  2 2 .

C l a r k  a n d  M rg u d ic h  a n d  b y  Reed an d  Reed i n  t h e  i n t r o d u c ­

t o r y  s e c t i o n .  I n  b o t h  i n v e s t i g a t i o n s  a  d i s o r i e n t a t i o n  o f  t h e
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i n o r g a n i c  m a t e r i a l  i n  r a c h i t i c  b o n e s  i s  r e p o r t e d  b u t  o n l y  i n  t h e  

f o r m e r  p a p e r  i s  t h e r e  a n y  r e f e r e n c e  t o  t h e  o r g a n i c  c o n s t i t u e n t .

A c a r e f u l  e v a l u a t i o n  o f  o r i e n t a t i o n  was made b y  t h e  method  

d e s c r i b e d  i n  t h e  e x p e r i m e n t a l  s e c t i o n  and  p r e l i m i n a r y  e x p e r i m e n t s  

w i t h  o u r  m a t e r i a l  c o n f i r m e d  t h e  f o l l o w i n g  f i n d i n g s : -  1 . t h e  o r i e n  

t a t i o n  o f  t h e  i n o r g a n i c  c r y s t a l l i t e s  v a r i e s  w i t h  t h e  l o c a t i o n  on 

t h e  bone  o f  t h e  sp ec im e n  s e l e c t e d  f o r  e x a m i n a t i o n  (Reed and  Reed 

1 9 4 2 ) ,  and  2 .  t h e  d e g r e e  o f  o r i e n t a t i o n  shown b y  t h e  spec im en  

v a r i e s  c o n s i d e r a b l y  w i t h  age  ( C a g l i o t i  a n d  G i g a n t e  1 9 3 6 ) .  I t  was 

e s t a b l i s h e d  t h a t  t h e s e  two f a c t o r s  h a v e  a s i m i l a r  i n f l u e n c e  on 

t h e  o r g a n i c  c o n s t i t u e n t .  The d i s t u r b i n g  e f f e c t s  o f  t h e s e  f a c t o r s  

w ere  e l i m i n a t e d  so f a r  a s  p o s s i b l e  f ro m  o u r  e x p e r i m e n t s  b y  s e l e c t ­

i n g  s p e c im e n s  f rom  t h e  same l o c a t i o n  on e a c h  bo n e  exam ined  and by  

m aking  c o m p a r i s o n s  b e tw e e n  a n i m a l s  o f  t h e  same a g e .

No s i g n i f i c a n t  d i f f e r e n c e  i n  o r i e n t a t i o n  o f  e i t h e r  i n o r g a n i c  

o r  o r g a n i c  m a t e r i a l  was f o u n d  b e tw een  n o rm a l  a n d  r a c h i t i c  s p e c i ­

m ens .  T h i s  r e s u l t  i s  a t  v a r i a n c e  w i t h  t h a t  r e p o r t e d  by  G l a r k  

and  M rg u d ic h  (1934)  and  b y  Reed and  Reed (1942 and  1 9 4 5 ) .  T h is  

d i f f e r e n c e  c a n n o t  b e  a s c r i b e d  t o  d i f f e r e n c e s  i n  t e c h n i q u e  s i n c e  

t h e  X - r a y  m ethods  u s e d  by u s  and  b y  Reed and Reed a r e  i d e n t i c a l  

( p e r s o n a l  c o m m u n ic a t io n ) .  A n a l y s i s  o f  Reed a n d  R e e d ’ s p u b l i s h e d  

d a t a  shows t h a t  t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  b e tw een  t h e  mean 

a g e s  o f  t h e  a n i m a l s  whose b o n e s  showed p o o r  o r i e n t a t i o n  and  good 

o r i e n t a t i o n ;  t h e  o l d e r  b o n e s  showed t h e  b e t t e r  o r i e n t a t i o n .  I t  

i s  p o s s i b l e  t h a t  t h e  change  i n  o r i e n t a t i o n  r e p o r t e d  b y  t h e s e  w o rk ­
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e r s  i s  a n a t u r a l  change  o c c u r r i n g  w i t h  ag e  r a t h e r  t h a n  a r e s p o n s e  

t o  a n t i - r a c h i t i c  t r e a t m e n t .  The f a c t  t h a t  no o r i e n t a t i o n  i s

fo u n d  c o u l d  he  e x p l a i n e d  i f  t h e  p o r t i o n  o f  t h e  s h a f t  u s e d  f o r  d i f f - j
|,

r a c t i o n  s t u d i e s  h a d  n o t  b ee n  a f f e c t e d  b y  t h e  r a c h i t i c  p r o c e s s .  j

T h i s  i s ,  h o w e v e r ,  d i f f i c u l t  t o  r e c o n c i l e  w i t h  t h e  v e r y  low a s h

c o n t e n t  ( c i r c a  3 6%) o f  t h e s e  b o n e s  a s  compared  w i t h  t h e  b ones  o f

t h e  w e l l  f e d  a n i m a l s  ( c i r c a  60%).

T h i s  s e r i e s  o f  e x p e r i m e n t s  h a s  t h u s  f a i l e d  t o  g i v e  s u p p o r t  t o

t h e  i d e a  o f  a p e r i p h e r a l  a c t i o n  o f  v i t a m i n  D i n  t h e  s e n s e  s u g g e s t e d
2 1 .

b y  Reed and  Reed.

The f i n d i n g s  can  be  summed up m ost  s i m p l y  b y  s t a t i n g  t h a t  t h e  

d e t e r i o r a t i o n  i n  m e c h a n i c a l  s t r e n g t h  o b s e r v e d  i n  r a c h i t i c  b o n es  

i s  n o t  a s s o c i a t e d  w i t h  an y  c h e m i c a l  o r  s t r u c t u r a l  a l t e r a t i o n  i n  t h e  

bone  m a t e r i a l .  The s t r e n g t h  o f  th e  bone  m a t e r i a l  seems t o  depend  

e n t i r e l y  on t h e  r e l a t i v e  p r o p o r t i o n s  o f  o r g a n i c  and  i n o r g a n i c  

m a t e r i a l .  T h i s  s e r v e s  t o  e m p h a s iz e  t h e  c o n c l u s i o n  a r r i v e d  a t

e a r l i e r  b y  B e l l  an d  C u t h b e r t s o n  (1943)  t h a t  t h e  o r g a n i s m  h a s  a r r i v e c
|

a t  a w e l l  d e f i n e d  an d  c o n s t a n t  m ethod  o f  l a y i n g  down b o n e .  N e i ­

t h e r  c a l c i u m  d e f i c i e n c y ,  n o r  hormone t r e a t m e n t ,  n o r  th e  r a c h i t i c  

d i s t u r b a n c e  seem a b l e  t o  d i s a r r a n g e  t h i s  p a t t e r n  so  f a r  a s  o u r  

m e th o d s  a r e  a b l e  t o  r e v e a l  i t .
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